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Abstract 
Textile wastes consist of multi-component materials are hardly recycled due to 
challenge to sort and separate the waste into a single component. Textile products 
dominantly produced from a non-renewable source that can be recycled several 
times before the end of life. Mixed-waste can be recycled together without sorting by 
thermo-mechanical process to produce hybrid fibres. The aim of this study was to 
investigate the potential on upcycling polyamide 6 (PA6) polymer mixed with 
secondary polymers via one-step twin-screw melt extrusion. Three secondary 
polymers were chosen in this study; thermoplastic polyurethane (TPU) which has 
interaction with PA6, and two polymers which do not have interaction with PA6; 
polyethylene terephthalate (PET) and polypropylene (PP). Different blending 
composition was prepared between PA6 and secondary polymers before being 
extruded into hybrid fibres through melt extrusion. The secondary polymers were then 
removed from the hybrid fibres to investigate the properties of the leftover of PA6 
component. The fibres were characterised using attenuate total reflectance Fourier 
Transform Infrared Spectroscopy (ATR-FTIR) and microscopy techniques, the 
mechanical and thermal properties were investigated via tensile strength and 
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The 
results showed that the blending of PA6 with interacting polymer TPU creates novel 
fibres morphology with multi-connected porous fibres. The mean diameter of 
PA6:TPU hybrid fibres when the PA6 content at 50% and 80% are 136 and 126 µm, 
respectively. Thermal and chemical results demonstrated strong interaction happen 
between PA6 and TPU. Meanwhile, the co-extrusion of PA6 with non-interacting 
polymer PP and PET formed PA6 micro and nanofibres in the blend, respectively. In 
PA6:PP blend, the SEM images show the PA6 microfibres with mean diameters of 
0.76 µm and 1.13 µm developed in the hybrid fibres with PA6 content 50% and 60%, 
respectively. The phase inversion between PA6 and PP happened at the composition 
of 65% of PA6 showing the development of PA6 microfibres in a unique fibre 
morphology. In PA6:PET blend, PA6 nanofibres with mean diameter of 532 nm to 
1026 nm were obtained. The diameter of PA6 nanofibres increase when PA6 content 
increase in the blend. Later, single jersey knitted fabric was produced from PA6:PP 
60:40 blend composition and was treated later to remove the PP component. The 
treatment process exposed the development of PA6 microfibres fabric which has 
excellent behaviour in wicking and improved in ball burst strength compared to the 
untreated fabric. The success of upcycling PA6 fibres with value added properties 
through single-step melt extrusion can be applied to other mixed polymer waste.  
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Introduction 
1.1 Overview  
Textile waste has been an issue around the world with 92 million tonnes waste 
recorded in 2015 (Global Fashion Agenda and The Boston Consulting Group, 2017). 
With the increasing demand on textiles, the amount of waste generated is expected 
to increase up to 148 million tonnes by 2030. At the moment, only 25% of the waste 
is recovered via reuse and recycling route where most of it either incinerated for 
energy recovery or send off to landfill (Ellen MacArthur Foundation, 2017). Over two-
third of textile raw materials are produced from plastic sources, hence incineration or 
landfill disposal has negative impacts on the environment.  
Reuse and recycling can be the preferred option for textile waste. By reusing the 
product, the life of the product can be extended and the landfill can be avoided. 
However, recycling is needed for the products that are no longer useable. Four types 
of recycling approaches can be applied to textile waste; fabric recycling, fibre 
recycling, polymer recycling and monomer recycling (Ellen MacArthur Foundation, 
2017; Sandin and Peters, 2018). The most widely adopted recycling approach in the 
industry are fabric and fibre recycling. Meanwhile for polymer and monomer 
recycling, the fibre production is limited to single component polymers such as 
polyethylene terephthalate (PET) or known as polyester fibres, Polyamide 6 (PA6), 
and cellulose-based fibres (Palme et al., 2017).  
Even though the efforts to recycle the textile wastes into textile fibres have been in 
place, the conversion of textile waste into materials for clothing is extremely low 
(<1%) (Ellen MacArthur Foundation, 2017). The nature of textiles products that 
usually consists of more than one material, either by using blended yarns (e.g. 
polyester/cotton yarns), bicomponent fibres (core-sheath, pie-wedge, island in the 
sea types, etc.) or fabric coated with polymer, limits the recycling process. The mix-
material products result in complex waste where component polymers cannot be 
practically separated by commercially relevant technologies. The sorting and 
separation of mix-materials waste into single component polymers is challenging and 
results in unsuitability of a large proportion of waste for recycling. There is a paucity 
of technologies and facilities to sort and separate the mixed waste materials also 
limits the potential of recycling multi-component products (Östlund et al., 2015).  
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As most of the textile products are made from plastic sources, thermo-mechanical 
processing can be used to recycle mixed-waste product. The mixed-waste can be 
directly blended, melted and re-extruded to produce blended fibres. The mixing of 
two different polymers is called binary blending and three different polymers is ternary 
blending. In polymer blends, selection of polymers, blend composition, the viscosity 
of the polymers and processing conditions affect the morphology and subsequently 
the properties of the blended fibres. In textile industry, common polymers used to 
produce synthetic fibres are polyethylene terephthalate (PET) (51%), polypropylene 
(PP) (~5%) and polyamide (PA) (5.4%) (Textile Exchange, 2018). 
The possibility of mixed-waste textile product containing these polymers are high. For 
examples, polyamide and polyester were commercially produced as bicomponent 
fibres (Radici Group, n.d.). In carpet industry, polyamide was used as a face fibres 
and polypropylene as a bottom layer or backing fabric. Marine products such as 
inflatable raft and life jacket use polyamide as a base fabric and coated with polyester 
or thermoplastic polyurethane to make it durability against water (Erez, 2018). 
Complex materials exist in textiles result to the mixed-waste materials once entered 
the recycling centre. Even for textiles made from a single component, when collected 
as a waste, can also be mixed with varieties of other textile sources.  
Among common synthetic polymers used for textile fibres, polyamide is considered 
as an expensive polymer (USD2.32-2.42/kg) compared to PET (USD1.22-1.23/kg) 
(YNFX, 2020).Over 4.55 million tonnes of polyamide was produced in 2014 
(Wesołowski and Płachta, 2016). Two types of polyamide frequently use as textile 
fibres are PA6 and PA6,6 with PA6 dominates the usage in apparel industry (86%) 
compared with PA6,6 (14%) (Wesołowski and Płachta, 2016).  
PA6 or also known as nylon 6 is widely used in many applications such as apparel, 
carpet, parachute fabrics, tire cord, ropes and tents (Wesołowski and Płachta, 2016). 
Increasing demand of polyamide products contribute to the abundance of polyamide 
waste too. For example, carpet which contains approximately 24% of PA6 fibres, is 
thrown to landfill every year. Fibre grade PA6 is a high value thermoplastic polymer 
that has a low rate of degradation in landfill. Therefore, to avoid landfill, another option 
for PA6 waste is by recycling the PA6 containing products. Several studies have 
shown that reprocessing PA6 fibres into several cycles can be done successfully. 
However, the repetitive process of melting PA6 fibres may slightly decrease the 
mechanical properties and stability of the polymer (Tuna and Benkreira, 2017).  
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Polyamide and other thermoplastic textiles polymers can be processed several times. 
Recycling the mixed-waste containing different thermoplastic polymers without 
separation process can be done by thermo-mechanical recycling. Two polymers can 
be melted and extruded into new hybrid fibres. Blending of PA6 with other materials 
such as acrylonitrile–butadiene–styrene (Aparna et al., 2017) (ABS) cellulose acetate 
butyrate (CAB) (Zhang et al., 2015) and chitosan (Dotto et al., 2017) into hybrid fibres 
were studied previously.  
Blending of two different polymers can create interacting and non-interacting 
behaviour of the polymer blend. Amide group of PA6 and urethane group of TPU 
create interaction through hydrogen bonding. Non-interacting behaviour was found 
on the blending of PA6:PET and PA6:PP due to low chemical interaction (Hajiraissi 
et al., 2017). To improve the interaction on PA6:PET and PA:PP, compatibiliser was 
used (Aparna et al., 2017). However, the non-interacting behaviour of these polymers 
can benefit in the production of microfibres or nanofibres.  
A study on the interacting and non-interacting behaviour of possible polymers found 
in textile waste was crucial. There is a paucity of reported work on the blending of 
polyamide with TPU as hybrid fibres when prior research focused on composite (Cai 
et al., 2019), injection moulding (Xu et al., 2019) and compressed moulding (Rashmi 
et al., 2017). Blending of PA6:PET and PA6:PA6 was studied before however 
focusing on addition of compatibiliser for improving of interfacial connection and the 
optimisation of the blend focus on PET and PP in the blend (Aslan et al., 1995; Liao 
et al., 2015; Aparna et al., 2017; Hajiraissi et al., 2017). With the increasing of textile 
waste collected and lack of technologies to separate the waste, added with high price 
of PA6, a study on the PA6 blending with other polymers into fibres is needed.  
1.2 Research aim and objectives 
The aim of this research is to investigate the effect of blending of PA6 polymer with 
interacting and non-interacting polymer commonly used in textile fibres production. 
Subsequently, the developed fibres will be processed into fabric form to evaluate their 
performance for apparel applications. The objectives of this research are to: 
i. produce interacting hybrid fibres consisting of PA6 as main polymer blending 
with thermoplastic polyurethane (TPU) as secondary polymer. 
ii. produce non-interacting hybrid fibres consisting of PA6 as main polymer 
blending with polyethylene terephthalate (PET) and polypropylene (PP) as 
secondary polymers. 
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iii. Investigate the properties of the interacting and non-interacting hybrid fibres 
that blended in different weight composition by:  
a. removal of secondary polymer. 
b. assess the morphology of the hybrid fibres before and after removal 
of secondary polymer under. 
c. characterise the properties of the fibres concerning thermal, chemical 
and mechanical and fibre diameter. 
iv. produce fabrics made of hybrid fibres and investigate the properties of the 
fabrics before and after removal of secondary polymer. 
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Literature Review 
Textile waste has been considered as an environmental issue. The scenario of textile 
waste management and current methods on recycling textile waste are presented in 
this chapter. Previous studies on recycling Polyamide 6 and its properties were 
reported. Different types of textile fibres; single and bicomponent fibres, were also 
discussed, including the method to produce fibres. Finally, the blending of two 
polymers in producing textile fibres, with melt spinning approach that is suitable for 
thermo-mechanical recycling of the polymer blend, will be discussed. 
2.1 Textile waste  
Textile waste has been an issue all around the world. It is reported that over 92 million 
tonnes of textile waste generated globally in 2015 and the numbers are expected to 
increase up to 148 million tonnes by 2030 due to growing global population (Global 
Fashion Agenda and The Boston Consulting Group, 2017). In UK alone, 921,000 
tonnes of textile waste collected in 2017 which end up in landfill (WRAP, 2019).  
Textile waste can be divided into two categories: pre-consumer waste and post-
consumer waste. Pre-consumer waste refers to by-product materials generated by 
textile industries such as surplus fabrics, yarns and fibres, whereas post-consumer 
waste is contributed by the owners of textiles including clothing and textile household 
such as bed linen, curtains, towels and floor covering (Echeverria et al., 2019).  
Textile waste can be either reused, recycled, incinerated or sent off to landfill. Almost 
55% of textile waste collected in UK was sent to landfill and only 36% was recovered 
through reuse and recycling process (WRAP, 2019). Most of the waste was reused 
domestically through second hand or charity shop or exported to developing 
countries. Only small proportion of the waste was recycled, currently into down-cycle 
application such as wiper, insulation materials and padding mattress while less than 
1% of the waste was recycled back into textile fibre (Ellen MacArthur Foundation, 
2017).  
The route of the textile waste can be improved, to conserve the resources. The 
unwanted clothes, mostly exported to third-world country where there are no proper 
recycling and collecting facilities, will end up wasting the valuable materials into 
landfill. Moreover, in 2015, East African Community announced to ban an importation 
of used clothing that will affect the utilisation of the collected textile waste in the future 
(SMART Secondary Materials and Recycled Textiles, n.d.).  
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Over two-third of textile raw materials derived from petroleum resources have high 
compostable times in landfill, compost and aquatic environments. The risk of harmful 
gas emission to the atmosphere such as methane (CH4) and carbon dioxide (CO2) is 
also a significant concern (UNEP, 2002). Department for Environment Food & Rural 
Affairs (DEFRA, 2013) estimated that 3 tonnes of CO2 can be saved with reusing or 
recycling of 1 ton of general waste. Sending off the waste into landfill or incinerating 
bring harmfulness to the environment and contribute directly to the global climate 
change. The more optimum option for handling the waste is either reuse until the end 
of product life or recycling.  
2.2 Textile recycling 
Textile recycling industries were developed with a target to reduce both pre-
consumer and post-consumer wastes and conserve resources while minimising the 
amount of waste going to landfill (Echeverria et al., 2019). Moreover, most of the 
textile products are recyclable and have a potential to replace virgin materials. The 
UK government has also been promoting recycling as more and more waste has 
been directed towards landfills. Approximately GBP 82 million were spent on 
disposing the textile waste in landfill (Ellen MacArthur Foundation, 2017). Serious 
actions have been taken to emphasise recycling such as increasing the landfill tax. It 
was expected that by 2030, municipal waste including textile waste sent to landfill will 
reduced to 10% (Bukhari et al., 2018).  
Several organisations are involved in recycling textile waste such as Waste & 
Resources Action program (WRAP), Department for Environment, Food & Rural 
Affairs (DEFRA) and Carpet Recycling United Kingdom (CRUK). WRAP has 
launched several plans to promote the usage of textile waste such as European 
Clothing Action Plan, Sustainable Clothing Action Plan (SCAP) and Love Your 
Clothes campaign to raise awareness of the value of clothing. CRUK focuses on 
carpet recycling and acts as a centre and connector for companies and organisations 
involved in carpet recycling. The target is to decrease the number of carpet waste 
that goes to landfill and develop close loop recycling of carpets. 
London based company Worn Again have a collaboration with several companies to 
develop FIBERSORT technology with the aim to produce an automated sorting 
technology that can sort a variety of post-consumer textile waste (Worn Again, 2016). 
These show that the effort has been made by the private sector to emphasise on the 
recycling industry. However, these examples limit the recycling effort only onto a 
single component polymer. Textiles waste consists of mix-materials that encounter 
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difficulties to be sorted and separated were send off to other easier route either 
landfilled or incinerated (Robert, 2016). 
Textile recycling can be divided into fabric recycling, yarn and fibre recycling and 
polymer/monomer recycling which can be accomplished by either through 
mechanical, thermal, chemical processing or combination of these processing (Ellen 
MacArthur Foundation, 2017; Sandin and Peters, 2018).  
Fabric recycling makes use of fabrics from pre-consumer waste generated by 
garment industries (e.g. off-cut fabrics, rejected fabrics) or post-consumer waste 
contributed by the users of the textiles (e.g. unwanted clothes, old clothes) and 
converted into new clothes or products. Tonlè, is an example of a company that 
produced textile products from the pre-consumer waste and managed to save 10 
tonnes of waste being send to landfill in 2014 (Explorer, 2019). For fibre and polymer 
recycling, the methods can be simplified as mechanical recycling and chemical 
recycling. 
2.2.1 Mechanical recycling 
Fibre recycling, also referred to mechanical recycling, mechanically shredding the 
fabric to reclaim fibres for subsequent conversion into yarns or nonwovens. Polyester 
and cotton fibres, which dominantly used in textile industry were mechanically 
shredded during recycling process. The reclaimed cotton fibres result to shorter and 
lower cotton fibre quality thus produced coarser yarn count. Therefore, cotton waste 
was recovered into down-cycling route such as insulation materials, blankets, wipes, 
etc (Sandin and Peters, 2018). Pure Waste Textiles Ltd. be able to produce new 
100% recycled cotton t-shirt from shredded textile cotton waste (Pure Waste Textiles, 
n.d.). Apart from recycling into yarn, the recycled cotton and polyester fibres were 
also produced into nonwoven fabrics for household application (Sharma and Goel, 
2017). Low quality fibres restrict the recycling process into fibres found suitable 
approaches as reinforced composites(Serra et al., 2019; Meng et al., 2019), pressed 
into compressed mould (Dissanayake et al., 2018), sound absorption panel 
(Santhanam et al., 2019) or reinforced in brick or mortar (Orasutthikul et al., 2017; 
Kimm et al., 2018).  
2.2.2 Chemical recycling 
Other method for textile waste recycling is chemical recycling, either by polymer 
recycling or monomer recycling. Polymer recycling can be achieved by treating the 
fibres chemically/mechanically while keeping the polymer or oligomer intact. 
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Monomer recycling is a process where the polymers/oligomers are broken down to 
the monomer level. Textile waste consists of synthetic fibres made from thermoplastic 
polymers which can be chemically recycle to produce new fibres with identical 
properties to the virgin raw materials. ECONYL Regeneration yarn for example, was 
produced by recycling textile waste and fishing nets (Moorhouse and Newcombe, 
2018). Some examples of regenerated fibres produced through chemical recycling 
were MIPAN Regen fibres, which are made by recycling PA6 post-consumer waste, 
REPREVE® PA6,6 fibres made of 100% recycled polyamide fabric (UNIFI, 2008) 
and CYCLEAD™ fabrics which are made by recycled PA6 fibres (Toray, 2007). The 
separation of polyester from cotton/polyester blend for example, involved chemical 
process such as hydrolysis and dissolving in solvent (Ling et al., 2019). 
2.3 Polyamide 
Polyamides are linear macromolecules containing amide (-CONH-) linkage. Two 
popular variances in the textile and plastic industries are PA6 and PA6,6. Other 
popular polyamides available commercially are polyamide 11, 12, 46 and 69. PA6 
widely used in the apparel industry (86%) compared to PA6,6 (14%) (Wesołowski 
and Płachta, 2016). In this study, the research will concentrate on the polymer 
derived from PA6 which is mainly used for clothing.  
PA6 or polycaprolactam is made by ring opening polymerisation of caprolactam 
monomer. The ring opening of ɛ-caprolactam monomer occurs when the monomer 
is heated at 250-280°C at atmosphere pressure for 12-24 hrs as shown in Figure 2.1 
(Richards, 2005) and the complete process of ring opening can be seen in Appendix 
A. The polymerisation could be initiated by water, acid or very strong base such as 
sodium hydride (NaH), but water is the favoured option in the industry (Richards, 
2005). The amide bonds (-CONH-) developed lactam provide hydrogen bonding 
between chains hence contribute to the excellent properties of PA6 such as stiffness 
and toughness (John and Furukawa, 2012). The H-bonds also make the PA6 
categorised under hygroscopic material as water molecules can form H-bonds with 
the amide groups as shown in Figure 2.2 (Reimschuessel, 1998). 
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Figure 2.1 Ring opening polymerisation of PA6 (Richards, 2005). 
 
 
Figure 2.2 Interaction of water molecules with PA6 polymer (Reimschuessel, 1998). 
The important parameter of polyamide is the molecular weight or molecular mass. 
Molecular weight influences the melt viscosity of the polymer namely; higher 
molecular weight contributed to higher melt viscosity. The melt viscosity of the 
polymer influences the movement of the polymer chains, namely higher melt viscosity 
tends to reduce the polymer chain movement (Grümer and Hopmann, 2018). 
2.3.1 Polyamide 6 waste 
Polyamide is a significant textile fibre with 5.7 million tonnes produced annually 
comprising 5.4% of the synthetic fibre market and was ranked second among all the 
textile fibres (Textile Exchange, 2018). The application of polyamide in textile 
industries is apparel, carpet and industrial filament such as tire cord and ropes 
(Wesołowski and Płachta, 2016).  
 
Caprolactam Polyamide 6 
Water molecules 
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From these applications, carpet waste can be collected easily and the amount is 
significant. The volume of carpet waste for disposal rose by 400,000 tonnes every 
year in the UK alone (Hilton et al., 2019). Carpet is classified as textiles and is 
extensively used in buildings and automobile as well as in aircrafts. The surface of 
carpet acts as a feet insulator from cold floor, sound proof and also adds to the décor 
of a room. 698 million m2 of new carpets were produced in the United Kingdom in 
2016 to replace the old carpets(Hilton et al., 2019). The huge quantity of fibres 
consumed to produce carpets lead to an enormous volume of waste, which dominant 
by nylon fibre (50-70%) (Mohammadhosseini et al., 2018).  
2.3.2 Recycled polyamide 6 fibres 
Early work on the extrusion of polyamide waste into filaments was conducted by 
Esfahani (1983) which reported that re-extrusion of PA6 and PA6,6 waste polymers 
up to 5 cycles is possible. A study conducted by Meyabadi et al. (2010) also showed 
that PA6 waste can be recycled into filaments. The blending of recycled PA6 with 
virgin PA6 showed an improvement in the tensile and thermal properties of recycled 
PA6. Other than the above, to the best of authors’ knowledge, there is no published 
work on the recycling of polyamide waste into PA6 filaments or fibres. Other studies 
on this domain focused on the reprocessing of polyamide waste via injection 
moulding up to 16 cycles (Su et al., 2007; Crespo et al., 2013; Grümer and Hopmann, 
2018). These studies proved that recycling the polyamide waste into multiple 
processing cycles are achievable. Besides, polyamide waste polymers were recycled 
into reinforced composites (Pan et al., 2016; Hasan et al., 2018), cement mortar and 
concrete reinforcement (Orasutthikul et al., 2017).  
2.3.2.1 Mechanical Properties 
The common tensile properties for filaments or fibres are tenacity, initial modulus, 
breaking elongation and work of rupture. Polyamide’s relative mass, the extrusion 
speed, draw ratio, and heat treatment influence the tensile properties of the fibres.  
Early study conducted by Esfahani (1983) on the recycling PA6 fibres found that the 
tenacity of PA6 fibre decreases slightly with the increasing number of cycles with 48.7 
cNtex-1 (5.5gd-1) and 43.7 cNtex-1 (4.94 gd-1) reported for the first and fifth cycle 
respectively. The other tensile properties (the work of rupture, Young’s modulus and 
breaking elongation) also show a similar trend to that of tenacity. Similarly, the study 
done by Meyabadi et al. (2010) also suggest that the tensile strength and modulus of 
recycled PA6 fibres are slightly lower than the virgin PA6 fibres. The loss of the 
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molecular weight during spinning process might influence the tensile strength for 
recycled PA6 fibres. In contrast, it was reported that the tensile strength of recycled 
PA6 slightly increases with increasing number of cycles when processed via injection 
moulding (Lozano-González et al., 2000; Su et al., 2007). However, opposite results 
were reported for elongation where almost 70% reduction occurred; this might be due 
to degradation of the PA6 polymer after 10 processing cycles which results in the 
reduced molecular weight of the polymer (Lozano-González et al., 2000; Crespo et 
al., 2013).  
The tensile strength of PA6 filaments also depends on the draw ratio (D/R) during 
the spinning process. The ratio between 1 and 2.5 gives plasticity and ductile 
properties to the material, while D/R ratios higher than 2.5 turn the PA6 into brittle 
material (Reimschuessel, 1998) as shown in Figure 2.3. It was mentioned that higher 
draw ratios give higher tenacity and initial modulus but decrease the elongation and 
work of rupture of the fibres (Rahbar and Mrm, 2011). The increasing value of tenacity 
and modulus is because of the increase in orientation and crystallisation of the 
filaments during the drawing process (Ali, 2019).  
 
Figure 2.3 Stress strain diagram of PA6 filaments at different draw ratio 
(Reimschuessel, 1998). 
2.3.2.2 Chemical Properties 
There are several factors could affect the chemical properties of polyamide: exposure 
to heat, oxidation, exposure to certain alkalis, acids and solvents that can lead to 
degradation of polyamides (Reimschuessel, 1998; Richards, 2005). In the production 
of PA6 fibres, the drying process of PA6 chips before extrusion and the spinning 
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process itself exposes the polymer to heat and oxygen; this exposure can cause 
deterioration of the PA6 polymer. Reprocessing PA6 waste multiple times expose the 
polymer to more heat and oxygen thus effecting their chemical properties. Several 
studies reported that the molecular weight and the melt viscosity of PA6 decreases 
with each processing cycle (Su et al., 2007; Meyabadi et al., 2010; Crespo et al., 
2013); this is because of the molecular chain scission (Su et al., 2007; Crespo et al., 
2013). The presence of moisture in the PA6 polymer gives plasticiser properties and 
also causes a reduction in the viscosity (Crespo et al., 2013). The loss of molecular 
weight, reduction in viscosity and molecular chain scission suggest that the chemical 
properties of recycled PA6 change after every reprocessing cycle and lead to the 
degradation of the polymer.  
2.3.2.3 Thermal Properties 
Studying thermal properties of PA6 polymer is necessary to identify suitable condition 
for fibre and fabric production and to find the relationship between structure and 
crystallinity of the fibre (Ali, 2019). The melting temperature (Tm) and glass transition 
temperature (Tg) are of significant importance. 
Glass transition temperature (Tg) is the starting point of transition from glass to 
rubbery phase whilst the melting temperature (Tm) is where the polymer changes 
from a solid phase to a liquid phase entirely. For PA6, the Tg and Tm usually happened 
in the range of 40-55 °C and 215-220 °C, respectively. After recycling, the melting 
temperature remains constant after one cycle while the glass transition temperature 
decreases 13% compared to virgin PA6 (Meyabadi et al., 2010). A study by Su et al. 
(2007) reported that the melting temperature slightly decreases after 16th 
reprocessing cycle. Not much work has been published on the melting temperature 
of recycled PA6. 
PA6 is a semi crystalline polymer which consists of amorphous and crystalline 
regions. PA6 comprises of α and γ crystals which makes it different from PA6,6 which 
only has α crystal form. After the recycling process, the crystallinity of PA6 increases 
due to three factors: the presence of impurities which increases the nucleation, 
memory effects of thermal and mechanical stress histories and lower chain length 
during recycling process that increases the polymer chain mobility (Crespo et al., 
2013). The as-extruded PA6 contains a mixture of amorphous and crystalline regions 
with poor order and orientation. In the drawing process the molecules orientate 
themselves parallel or almost parallel to the fibre axis (Ali, 2019).  
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There are several methods that can be used to study the thermal properties of the 
PA6 such as differential scanning calorimetry (DSC), thermomechanical analysis 
(TMA) and dynamic mechanical analysis (DMA).  
2.4 Textile fibres 
Textile fibres are the key element in producing various types of textile products. The 
fibres can be categorised into natural or synthetic fibres. Natural fibres such as 
cotton, wool and silk come from nature resources either plant or animal based, where 
the fibre properties are varying depend on nature given. Synthetic fibres such as 
polyamide and polyester which commonly produced from fossil fuel, are man-made 
fibres with the fibre properties can be controlled during fibre production. The synthetic 
fibres can be produced either as a single component or bicomponent fibres. The 
shape of the fibres is generally round in shape but non-circular cross section fibres 
were also produced for certain application.  
2.4.1 Single component fibres 
Synthetic fibres generally produced by extruding a polymer liquid through a spinneret 
to form continuous long fibres called filaments. The spinneret can consist of single 
hole or up to several hundred tiny holes. The size of the spinneret influences the 
shape and diameter of the extruded fibres. Fibres with diameter less than 1 denier 
(approximately ~10 µm) is called microfibres. Fibres that is less than 1000nm is called 
nanofibres with <100nm is called true nanofibres and other diameter is called fibres. 
The fibres can be produced using melt spinning for thermoplastic polymer such as 
polyester and polyamide, or wet spinning, dry spinning and electrospinning for non-
thermoplastic polymer such as rayon, modacrylic and spandex. Figure 2.4 shows the 
principle of producing synthetic fibres. 
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Figure 2.4 Principle of synthetic fibres production (Imura et al., 2014). 
The properties of filaments or fibres can be modified by changing the cross sectional 
shape of the filaments or the fibres. The typical cross section of the synthetic 
filaments are circular, however, non-circular cross section (NCCS) fibres can give 
definite novel properties to the fibres.  
Some examples of NCCS of filaments are shown in Figure 2.5. The contour shape 
of NCCS filaments could increase the bulk of the resultant fabric, trap soil and dust, 
give lustre effect, improve moisture transportation and can act as heat and sound 
insulator. Most of the NCCS filaments were produced by changing the spinneret 
orifice shape to the required NCCS filament shape. However, the final shape of the 
filaments does not always correspond to the spinneret orifice shape; this is due to 
extrudate swell that occurs when a viscoelastic polymer (melt or solution) emerges 
from the spinneret (Yousefi et al., 2018).  
 
 
 15  
 
 
 
Figure 2.5 Shapes of spinneret holes and as-spun fibre cross-sections (NPTEL, 
2013). 
 The NCCS filaments have larger surface area in comparison to round or nearly round 
filaments as the additional contours of the filaments create extra surface for a given 
mass. The Eastman Chemical Company has developed and commercialised their 
4DG™ fibre which has eight deep grooves and several arms that are useful for 
thermal insulation, filtration, and moisture transportation (Fiber Innovation 
Technology, 2015) as shown in Figure 2.6. The fibre was produced by using a unique 
spinneret design and limiting the capacity for the exudate to swell and contract to a 
circular geometry. There are however several disadvantages of this fibre 
(Pourdeyhimi and Chappas, 2012). The 4DG™ fibre cannot be spun less than 50 to 
60 µm, therefore this limits the end application of the fibre. Additionally, the arms of 
the fibre often break and sometimes interlock with each other during spinning process 
resulting in low surface to volume ratio (Pourdeyhimi and Chappas, 2012). 
 
Figure 2.6 The cross sectional view of 4DG™ fibre (Fiber Innovation Technology, 
2015). 
2.4.2 Bicomponent fibres 
Bicomponent technology has been used widely to increase the performance of 
synthetic polymer. Two different polymers were melted separately to create 
Spinneret shape 
As-spun fibre cross-section 
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bicomponent fibres (see Figure 2.7). Several type of bicomponent fibre shapes are 
available such as side-by-side, core-sheath, island-in-the-sea and pie-wedge as 
shown in Figure 2.8 (Ayad et al., 2016). The side-by-side shape used to create crimp 
in the fibre, with one of the polymer shrinks more than the other when exposed to 
heat. The core-sheath types can be used in thermally bonded nonwoven fabrics; the 
outer component has low melting temperature and act as adhesive when subjected 
to appropriate heat. The pie-wedge and island-in-the-sea fibre types use two 
incompatible polymers which can be split after extrusion using mechanical, thermal 
or chemical method and produced fine fibres or microfibres (Ayad, et al., 2016). Core-
sheath types fibre produced single hollow fibres while multiporous fibres can be found 
in natural fibres such as sisal, kenaf, jute, abaca, tampico, curaua and coir with pore 
diameter in the range of 3 to 8 µm (details in Table 2.1)  
Bicomponent fibres are also produced using melt spinning method with additional 
mechanisms such as by using 2 or 3 different extruders to produced core/sheath 
bicomponent fibres (Ayad et al., 2016) or changing the shape of spinneret holes for 
noncircular cross section fibres (Bunge et al., 2018). Examples of spinneret shapes 
are shown in Figure 2.5. 
 
 
 
 
 
 
 
 
 17  
 
     
a)                                                    b) 
 
c)                                                              d) 
Figure 2.7 Different mechanism used to produce various types of bicomponent fibre 
a) core/sheath, b) side by side, c) pie wedge and d)island in the sea (NPTEL, 
2013). 
 
 
Figure 2.8 Types of bicomponent fibres a) side-by-side, b) core-sheath, c) pie-
wedge, d) island-in-the-sea (Ayad et al., 2016). 
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Table 2.1 Porous fibres and fibre diameter. 
Fibre Cross-section view Fibre 
diameter 
(µm) 
Pore/lumen 
diameter 
Application Tensile 
strength 
(MPa) 
Reference 
Sisal 
  
15-30 8 
 
Ropes, strings, 
bag fabrics, 
plaiting, mat, 
fishnet 
484±135 (Alves Fidelis et 
al., 2013) 
Kenaf 
  
13-20 3-7 
 
Paper, rope, 
wound dressing 
fabric 
 (Kim et al., 2011) 
Jute 
  
15-35 
 
6.7  
 
Sack, 
packaging, 
conveyor belt, 
upholstery, 
decorative 
fabrics 
249±89 (Kicińska-
Jakubowska et al., 
2012; Alves 
Fidelis et al., 
2013) 
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Abaca 
  
10-30  Plaiting, thicj 
fabric, fishnet, 
sail, ship rope, 
paper, 
construction 
board 
 (Kicińska-
Jakubowska et al., 
2012) 
Tampico 
  
20-30  Ropes and 
cords, brooms 
and brushes, 
filing for 
mattresses 
 (Kicińska-
Jakubowska et al., 
2012) 
Curaua 
  
26-64 4.0 
 
Dashbords, 
ropes, threads, 
net 
543±260 (Alves Fidelis et 
al., 2013) 
Coir 
  
10-16  Brushes, 
mattresses, 
bags, ropes, 
automotive 
industry 
90±35 (Alves Fidelis et 
al., 2013) 
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The Monvelle produced by Monsanto (now known as Solutia) is an example of 
commercial side-by side bicomponent fibre using PA6 and polyurethane (Saunders 
et al., 1975). This fibre were used in hosiery products develops crimp when the fibres 
immersed in hot water. Another example of commercial PA6 bicomponent fibre is 
Sideria produced by Kanebo; this is a core-sheath bicomponent fibre with PA6 and 
polyurethane (Kanebo, 2007). This fibre is also used in hosiery products. Other than 
that, bicomponent fibres PA6/PP core/sheath (Bosak, 2005; Dasdemir et al., 2012; 
Ayad et al., 2016) and PA6/polyethylene (PE) (Hufenus et al., 2013) were also 
studied.  
Pourdeyhimi and Chappas (2012) patented an innovation for producing a high 
surface area fibre by using a bicomponent technique which has an internal (middle 
region) and an external sheath as shown in Figure 2.9. The internal sheath is made 
of thermoplastic polymer while the external sheath is manufactured from a 
dissolvable polymer. It was claimed that 1 to 3 denier fibres could be produced using 
this invention. The bicomponent fibres were produced using co-extruding or extruding 
two polymers from the same spinneret. The external sheath dissolves after extrusion 
and leaves the internal region with high surface area. The challenging part of 
producing this bicomponent fibre is the selection of suitable polymers for the internal 
and external part as well as the viscosity of both polymers. As mentioned before, the 
viscosity of the polymer plays an important role in the production of bicomponent 
fibres. The polymer viscosity influences the cross sectional shape of the fibres and 
the low viscosity polymers tend to encapsulate high viscosity polymers. Besides, 
exudate swell might affect the cross sectional shape of the middle region. 
 
Figure 2.9 Cross sectional view of the high surface area filament (Pourdeyhimi and 
Chappas, 2012). 
Internal (middle 
region) 
External sheath 
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Suitable solvent could be used to dissolve unwanted polymers to produce microfibres 
or NCCS fibres. Producing NCCS fibres from Island-in-the-sea bicomponent fibres is 
one of such example and this process of producing NCCS fibres were patented by 
Pourdeyhimi and Chappas (2012). One component of the island-in-the-sea 
bicomponent fibre was dissolved in a suitable solvent where the selection of solvent 
depends on the polarity and the chemical nature of the polymer (Suvari et al., 2019).  
Appropriate selection of polymers used in the production of bicomponent fibres is 
necessary to ensure the compatibility of the bicomponent fibres; this will affect the 
mechanical properties and interfacial morphology of the filaments. For side-by-side 
and core-sheath types, the interfacial adhesion between polymer surfaces 
determines the strength and compatibility of the bicomponent fibres (Ayad et al., 
2016). The interface adhesion is influenced by the polymer’s crystallisation 
temperature (Arvidson et al., 2012). Therefore the selection of location (core and 
sheath) depends on the cooling rate of the polymer. A study by Ayad et al. (2016) 
shows that poor adhesion occurs when PP acts as a core and PA6 as a sheath. PP 
which has lower crystallisation temperature than PA6 tends to shrink during cooling 
process thus create a gap between PP and PA6 interfacial surface. Excellent 
adhesion happens when the same PA6 is used as core and the PP as sheath 
material. Meanwhile, for pie wedge and island-in-the-sea types, incompatibility 
between polymers are desirable for the easier splitting process after extrusion (Wang 
et al., 2017a).  
Polymer melt viscosity influences the cross sectional shape of the bicomponent fibres 
where low viscosity polymers tend to encapsulate higher viscosity polymers (Ayad, 
et al., 2016). The ratio of viscosity between the polymers influences the 
encapsulation; high ratio produces strong encapsulation, while low ratio provides 
weak encapsulation. 
2.5 Polymer blend in textile fibre 
Blending of two or more polymers are economically viable with the aim to improve 
the properties of the mixture, mainly in injection and compression mould industry. 
Polymers with different properties, when blended, produced immiscible or partially 
immiscible blend. 
In the blending of two immiscible polymers, phase separation between polymers 
usually happens. Blend composition and viscosity of the polymers influence the 
morphology of the fibres. A major portion in the blend will act as a matrix and 
encapsulate minor portion as shown in Figure 2.10. Because of the phase separation, 
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the minor component will disperse in the major component in the form of droplet, 
sphere or fibril, regarding the processing condition and material behaviour. In melt 
spinning, there is a possibility to get a fibril form in the blend with the help of 
elongation forces through winding or drawing process.  
When the composition of the blend is almost the same, co-continuous phase of blend 
can be achieved due to phase transition of the polymer. In this phase, both polymers 
neither act as a matrix nor a disperse otherwise interconnected to the same group 
and form a random morphology (Figure 2.10 middle). Co-continuous phase region 
may exhibit improvement in tensile strength and impact behaviour (Pötschke and 
Paul, 2003). 
 
Figure 2.10 Schematic diagram of two immiscible polymer blend fibre with different 
composition of polymer A and polymer B: left- polymer A as a major 
component, middle- co-continuous phase when the composition of two 
polymers almost in the same amount, right- polymer A as a minor component. 
2.5.1 Factors affect the properties of blend fibre  
Morphology of the polymer blend is affected by the type of polymer, the viscosity 
ratio, blend ratio and shear rate during processing.  
Viscosity of the polymer is crucial factor in polymer blend. A minor component of the 
blend can develop a fine and uniform disperse phase if it has viscosity lower than 
matrix phase. Otherwise, coarser disperse phase might develop if the minor 
component has higher viscosity than the matrix phase (Favis, 2000). Illustration of 
the effect of polymer viscosity is shown in Figure 2.11. Other than that, the viscosity 
ratio between the polymers also influences the size of the droplet/fibrils. If the 
viscosity of the disperse phase increases, the viscosity ratio increases thus increases 
the average diameter of the droplet but reduces the number of droplets formed. 
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Figure 2.11 Size of disperse phase based on polymer viscosity. 
Ratio of the polymers in the blend influences the size of the droplet in the disperse 
phase. When the fraction of the minor polymer increases in the blend, the droplet 
size will increase due to coalescence of the droplet (Figure 2.12) (Tavanaie et al., 
2013; Zhang et al., 2015). 
 
Figure 2.12 Size of disperse phase based on dispersed phase content. 
Polymer blend can accomplish by melting both polymers in melt extruder. In melt 
extrusion, the rotating screw in the barrel produces shear stress that influences the 
size of the droplet particle as illustrate in Figure 2.13. Increasing the shear rate result 
in the decrease of the droplet size and increase number of particles (Lu et al., 2017). 
The shear stress also can influence the shape of the dispersed phase. 
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Figure 2.13 Size of disperse phase based on shear rate. 
2.5.2 Interacting blend of PA6:TPU  
Excellent properties of TPU in elongation, strength, elasticity and breathability 
increase its application in textile industry. Used as coating on constructed textile and 
nonwoven fabric, the TPU coated fabric can be found in medical, pharmaceutical, 
sportswear and filtration applications (Akovali, 2012). The TPU coated  polyamide 
fabrics were used as marine products including buoyancy control product, inflatable 
raft and life vest jacket (Erez, 2018). The usage in marine application for example 
inflatable raft, found short lifespan of the product when puncture or broke down. Both 
TPU and PA6 are highly expensive polymers. Recycling textile waste can extend the 
life of the polymer and reduce the usage of virgin polymer to produce new product. 
TPU was first developed in 1937 and has favourable properties such as high 
elongation and high strength, high elasticity, excellent resistance to oil, grease, 
abrasion, solvents and chemicals (Huntsman, 2010). The example of TPU elastomer 
is spandex, also known as Lycra and other brand names such as Elaspan, Acepora, 
Creora and ESPA. TPU elastomer consists of the hard and soft segments as shown 
in Figure 2.14 (Hiltz, 1998; Huntsman, 2010). The hard segment is constructed from 
a chain extender and diisocyanate, while the soft segment is a suitable diol 
(Huntsman, 2010). Variety of TPU can be produced by changing the ratio of hard to 
soft segment. The soft segment gives flexibility and elastomeric properties while hard 
segment gives toughness to the TPU elastomer.  
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Figure 2.14 Basic chemistry of thermoplastic polyurethane (Huntsman, 2010). 
The blending of TPU in PA6 improves the toughness, abrasion resistance, resistance 
to hydrolysis, and hardness without brittleness properties of PA6 (Zo et al., 2014). 
The combination of TPU with PA6 is immiscible but compatible due to an 
intermolecular hydrogen bond between the polyamide and the TPU (Genovese and 
Shanks, 2001; Zo et al., 2014). The interconnection between PA6 and TPU polymer 
contributes to the improvement of mechanical and thermal properties of PA6 (Zo et 
al., 2014). Haponiuk (1995) in his study also mentioned that the compatibility of PA6 
and TPU blending depends on the chemical structure and concentration of TPU soft 
segments. The flexible ether group can increase the toughness of the PA6 due to the 
elastic properties of TPU (Genovese and Shanks, 2001). Furthermore, the melting 
temperature of PA6:TPU is lower than pure PA6 and the decrease in the melting 
temperature is proportional to the increase in TPU weight in the blend (Haponiuk and 
Balas, 1995). Most of the studies relating to the blending of PA6 and TPU are in 
composite science (Zo et al., 2014) or in injection moulding work (Haponiuk and 
Balas, 1995). There is limited work that focus on the production of PA6:TPU filaments 
or fibres.  
A study conducted by John and Furukawa (2012) has shown that PA6 filaments 
coated with TPU have increased the tensile strength and the breaking elongation of 
the filaments. In his study, monofilament PA6 was cleaned in a water bath for 15 min 
and dried at room temperature before being dip-coated with TPU solution for 3 min. 
The thickness of the coating film was 20 µm. The coated filaments were dried at 
100°C for 24 h to ensure fully annealing process. The urethane-amide interaction 
contributed to the improvement of the mechanical properties of the filaments and 
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approximately 10 µm interface region was formed between PA6 and TPU by this 
method.  
Several studies have successfully blended TPU with polylactic acid (PLA) (Jašo et 
al., 2015) and polypropylene (PP) (Jašo et al., 2013) to produce PLA and PP 
microfibres respectively. In the study conducted by Jašo et al. (2015), TPU and PLA 
polymers were blended in a mixer for 15 min at 190°C and then pelletised. The 
blended pellets were dried for 5 h in vacuum at 80°C before being extruded through 
1 mm die and hot drawn later. The TPU was then dissolved using dimethylformamide 
(DMF) to get PLA microfibres. The diameter of TPU/PLA filaments were in the range 
of 325 to 345 µm after hot drawing and the diameter of PLA microfibres were in the 
range of 200-800 nm. Almost the same method was used for producing PP 
microfibres (Jašo et al., 2013). The diameter of TPU:PP filaments produced were 
approximately 400 µm, and the diameter of PP microfibres were 200-800 nm. Several 
studies show the potential of blending PA6 with TPU as it increases the mechanical 
properties of the polymer blend. However, there is not much work that focus on the 
mixing of PA6 and TPU using a conventional melt spinning method. 
2.5.3 Non-Interacting blend of PA6:PP and PA6:PET  
Besides PA6, polypropylene (PP) and polyethylene terephthalate (PET) or known as 
polyester fibres are among important textiles fibres that widely produced. The 
possibility to find a mixture of PA6:PP and PA6:PET in textile products are also high. 
For example, in carpet industry, the face fibre of the carpet is commonly made by 
polyamide fibres and the carpet backing was made by PP. Due to high volume of 
carpet waste collected every year (Sotayo et al., 2015), the potential of PA6 and PP 
blending can be occurred during recycling/recovery process. Moreover, PA6 and PP 
have wide application in textile industry. Dyeing properties of PP was improved with 
the presence of PA6. By adding PP in PA6 the toughness and impact strength of PA6 
can be improved and cost and water absorption property of PA6 can be reduced 
(Aparna et al., 2017).  
Combination of PA6 and PET is incompatible however was found benefits in the 
production of bicomponent fibres such as island-in-the-sea, pie wedge and side-by-
side (Radici Group, n.d.). Non-interacting behaviour of both polymers makes it easily 
split during separation or extraction process (Wang et al., 2017a). Hence, significant 
amount of mix-material products consist of both polymers combination; PA6:PET and 
PA6:PP in the recycling centre are expected.  
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2.5.3.1 Morphology of the blend 
The morphology of the non-interacting polymers depends on the processing 
condition of the blend. Compression and injection moulding produce droplet-matrix 
morphology (Liao et al., 2015) while melt extrusion developed fibril-matrix 
morphology with the presence of elongation force after the molten polymer exit the 
spinneret via winding or drawing process. Ternary blend of PA6:PP and 
compatibiliser shows “island-in-the-sea” effect in the blend fibres (Hajiraissi et al., 
2017).  
When PA6 content in the blend was less than 50%, the PA6 dispersed in the fibre 
and PP became a matrix phase (Liao et al., 2015; Hajiraissi et al., 2017). The number 
of droplet/fibrils in the blend increases if the PA6 content increases and the structure 
became coarser (Afshari et al., 2001; Liao et al., 2015; Potente et al., 2000). The 
phase inversion between polymers can be seen when the ratio of blend was almost 
similar and produces co-continuous phase of the PA6:PP blend (Afshari et al., 2001; 
Liao et al., 2015). If there was more than 60% of PA6 in the blend, the PA6 became 
a matrix and encapsulated the PP (Liang et al., 1983; Takahashi et al., 1996a).  
In polymer blend, the phase continuity can be predicted using rheological model 
introduced by Jordhamo et al., (1986). The Jordhamo model was developed to 
predict the phase continuity of the blends, based on the polymer volume fraction at 
low shear rate mixing. Based on Jordhamo model (Eq. 2.1), the position of the 
polymer in the blend not only depends on blend composition but also the viscosity of 
the polymer. At lower shear rate, the phase position of the polymer can be determined 
by calculating the viscosity and the weight fraction of the polymer, represent by 𝜂௫ 
and 𝜙௫, respectively with number 1 and 2 represent polymer 1 and polymer 2. The 
prediction is based on the Jordhamo value where polymer 1 became a matrix if the 
value obtained is less than 1, it will dispersed in the blend if the value is more than 1 
and the phase inversion happened when the value is close to 1.  
However, the rules of polymer flows should be taken into consideration where the 
polymer with low viscosity but having major weight fraction in the blend will become 
a matrix in the blend. Therefore, Jordhamo model is suitable to find phase inversion 
in between polymer blends. For example, Afshari et al., (2001) predict that the phase 
inversion of PP/PA6/compatibiliser blend occurred at 45/50/5 blend composition, 
calculated using Jordhamo model. Morishita et al. (2017) found that PPS at 21% 
weight dispersed in 78% PA6 by referring to the rules of polymer proportion. Liu et 
al. (2018) also used Jordhamo model to predict the co-continuous phase of the 
biodegradable polymer, poly(L-lactide) (PLLA) and core-shell rubber (CSR) blend. 
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𝜂ଵ
𝜂ଶ
𝜙ଶ
𝜙ଵ ൌ 1 
Where,  
𝜂ଵ = Viscosity of polymer 1 
𝜂ଶ = Viscosity of polymer 2 
𝜙ଵ =  Weight fraction of polymer 1 
     𝜙ଶ = Weight fraction of polymer 2 
 
Eq. 2.1
 
In Jordhamo study, mechanical blend of polystyrene (PS) and polybutadiene (PB) 
with different blend compositions were produced. The morphology of the PS/PB 
blend were found follows the model equation introduced. Since then, many 
researchers had used this model to predict the phase flow of the polymer blend (Favis 
and Chalifoux, 1988; Vinckier et al., 1996; Afshari et al., 2001; Li and Shimizu, 2004; 
Morishita et al., 2017; Liu et al., 2018; Pustak et al., 2018). This model is not reliable 
for high shear rate mixing and cannot predict the shape and size of the dispersed 
phase. However, Jordhamo model can be used as an initial step to predict the 
polymer blend morphology (Dobrovszky and Ronkay, 2017).  
In polymer blend, viscosity ratio of the polymers influences the size of the disperse 
phase. The viscosity of both polymers can be used to get the viscosity ratio in the 
blend, calculated using Eq. 2.2. The viscosity ratio will influence the diameter of the 
droplet developed in the blend, the lower the viscosity ratio, the finer the droplet will 
be obtained. The estimated viscosity of the polymer during extrusion can be 
measured by considering the shear rate of the polymers during the processing, 
calculated using Eq. 2.3 (Martin, 2013).  
 
 
𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑟𝑎𝑡𝑖𝑜, 𝑘 ൌ 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑒𝑑, 𝜂ௗ𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑚𝑎𝑡𝑟𝑖𝑥, 𝜂௠   Eq. 2.2
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Takahashi et al., (1996a) in their study found that finer PP fibrils produced when the 
viscosity ratio is below 1 and coarser fibrils were obtained for viscosity ratio is above 
1.  
Most of previous studies added compatibiliser in the blend of non-interacting polymer. 
The compatibiliser act as medium to enhance the interaction between both polymers 
interfacial surfaces. Improvement in the interfacial surfaces will result in better 
dispersion and produce finer droplet/fibrils in the blend. Without compatibiliser, finer 
droplet/fibrils are hardly formed. PP fibrils diameter in the range of 0.5-5 µm were 
produced without compatibiliser (Hajiraissi et al., 2017)(Liang et al., 1983; Hajiraissi 
et al., 2017) and the diameter reduced to 0.2-1.0 µm with the presence of 
compatibiliser (Afshari et al., 2001; Takahashi et al., 1996a).  
Screw speed in extruder relates to the flow shear rate that influences the dispersed 
phase distribution in the matrix; higher screw speed reflects to higher shear rate thus 
decrease the size of droplet/fibril (Afshari et al., 2001). However, other study reports 
that the particle size is not necessary decrease when screw speed increases, causing 
the viscoelastic behaviour of the polymer that can contribute to the particle size as 
well (Barangi et al., 2008).  
Using high temperature during spinning leads to lower viscosity of the polymers thus 
the polymers flow easily and encourage coalescence (Potente et al., 2000). Golfazani 
et al. found that processing PA6/PP at 250°C produce coarser fibril than at 190°C ( 
Golfazani et al., 2012). However, Hajiraissi et al. found that fibrillar shape occurred 
when the blend was processed above the melting temperature of matrix phase and 
lower than melting point of dispersed phase (Hajiraissi et al., 2017). 
𝑆ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 ൌ 𝜋 ൈ 𝐷 ൈ 𝑛ℎ ൈ 60  
Where,  
𝐷 = screw outside diameter (mm) 
𝑛 =  Screw speed (rpm) 
ℎ = Overflight gap between the tip of the screw 
and the inner wall of the barrel (mm) 
 
Eq. 2.3
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2.5.3.2 Thermal properties 
Thermal properties of the polymer relate to the morphology of the polymers. PA6, PP 
and PET are semi-crystalline polymers which have liquid (amorphous) and solid 
(crystal) state while TPU is an amorphous polymer. Semi-crystalline polymers, when 
heated, require certain amount of energy to melt the crystal state into molten state 
and will be visible in a DSC curve as an exothermic peak. During cooling cycle, the 
crystal will solidify and release energy and shown in DSC curve as an endothermic 
peak. Since PA6:PP and PA6:PET are non-interacting polymer, the blending will 
developed individual melting and crystallisation peaks, each represents the specific 
polymer when observed in the DSC (Wang et al., 2017b).  
Even though the blending of PA6:PP and PA6:PET is a non-interacting blend, the 
solidification cycle of the blend can affect the crystallinity of polymers. Jafari & Gupta 
(1998) found that PA6 (disperse) which solidify earlier than PP (matrix) was not 
interrupted by the molten PP during cooling cycle. However, when PP started to 
solidify, the crystallisation of PP was affected by the solidified PA6 and decreased 
the crystallinity of the PP. This is called as a nucleation effect. 
The crystallinity of the PA6, PP and PET can be measured separately based on the 
melting enthalpy for each peak, shown in Eq. 2.4, Eq. 2.5 and Eq. 2.6 (Afshari et al., 
2005) The percentage crystallinity of the PA6, PP and PET can be calculated with 
the reference value of melting enthalpy which are 230.1 J g-1 (Sichina, 2000), 209.2 
J g-1 (Khanna, 1990) and 140 J g-1 (Fakirov and Evstatiev, 1993), respectively. 
𝑃𝐴6 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦, 𝑋௉஺଺ ൌ ∆𝐻௙,௉஺଺∆𝐻଴௙,௉஺଺ ൈ
1
𝑤௉஺଺ ൈ 100% 
Eq. 2.4
 
𝑃𝑃 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦, 𝑋௉௉ ൌ ∆𝐻௙,௉௉∆𝐻଴௙,௉௉ ൈ
1
𝑤௉௉ ൈ 100% 
Eq. 2.5
 
𝑃𝐸𝑇 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦, 𝑋௉ா் ൌ ∆𝐻௙,௉ா்∆𝐻଴௙,௉ா் ൈ
1
𝑤௉ா் ൈ 100%
Eq. 2.6
2.5.3.3 Mechanical properties 
The strength of the non-interacting polymer blend is either increased or decreased 
than single polymer depending on the composition of the polymer in the blend. By 
 31  
 
increasing PA6 content from 5 to 15% in the blend of PA6:PP, the strength was 
increased and then slightly decreased when 20% of PA6 added (Asiaban & 
Moradian, 2012; Jaziri et al., 2008; Takahashi et al.,, 1996b). For PA6:PET, the 
optimum strength was found when PA6 content was in the range of 70-80% in the 
blend (Papero et al., 1967; Varma and Dhar, 1988). Increasing PET content 
decreased the fibre strength. The reduction in strength is due to the microvoids or 
micropores at the interface of PP and PA6 which lead to decrease in the tenacity of 
the fibre (Afshari et al., 2005).  
The compatibilisers are commonly used to increase the strength of the blend. The 
presence of compatibiliser improved the interfacial adhesion of both polymer and 
reduced gaps at the interface of both polymers thus improved the strength of the 
fibres (Yoon et al., 1997; Lin et al., 2014).  
2.6 Melt spinning 
Majority of synthetic fibres including P6, PP, PET and TPU used in textile application 
are thermoplastic polymer which can be melted several times. Thermo-mechanical 
recycling approach can be used for mix-wasted materials containing of different 
thermoplastic polymers and extruded into new hybrid fibres. 
Melt spinning or melt extrusion is the process where melted polymers are being 
extruded through small holes and spun into filaments. The melt spinning is an 
economically viable process and does not have to use any solvent in the process 
(Aranishi and Nishio, 2017). In melt extrusion, the polymer chips are melted and 
passed through the spinneret containing small holes, typically 100-400 µm in 
diameter (Richards, 2005). The shape of the spinneret hole normally is circular 
producing circular cross sectional fibres. Noncircular cross sectional shape can also 
be created by changing the shape of the spinneret holes. Noncircular cross section 
filaments give special effects to the filament properties such as lustre, opacity, air 
permeability, insulation, and resistance to soiling (Liu et al., 2014). Details of 
noncircular cross sectional shape is mention in section 2.4.1 (Single component 
fibres). 
Filaments that come out from the spinneret hole undergo quenching process before 
being winded up onto a package. The process speed is normally around 1000 m min-
1 (Richards, 2005) however this could be as high as 6000 m min-1 (Reimschuessel, 
1998). All aliphatic polyamides that melt below 280-290°C are produced by melt 
extrusion (Reimschuessel, 1998). A schematic diagram of melt spinning is shown in 
Figure 2.15. 
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Figure 2.15 Schematic diagram of polymer melt extrusion. 
When the polymer enters the hot extruder it melts and the rotating screw conveys the 
molten polymer to the spinneret hole. Two types of the rotating screw are used, single 
and twin rotating screw type (Figure 2.16). A single screw is used to convey the 
polymer through the spinneret, processing at low shear rate and not suitable for 
mixing two different polymers. Single screw normally used to produce single 
component fibres. The twin screw extruder is a good mixing device and can blend 
two or more materials uniformly. In this study, twin screw melt spinning machine was 
used to produce hybrid fibres from blending of several polymers.  
 
 
a)                                                           b) 
Figure 2.16 Different types of rotating screw (top view); a) single screw, b) twin 
screw. 
The structure and properties of the fibres depend on the spinning condition during 
production as well as the rheological properties of the polymer. Spinning conditions 
including temperature along the extruder, melting temperature, feed rate, screw 
speed, type of screw, screw geometry, diameter and shape of spinneret hole and 
take-up speed give effect to the properties of the filaments.  
Increasing take up speed enhances the tenacity and modulus, but will reduce the 
breaking elongation (Afshari et al., 2005). This is due to an increased molecular chain 
orientation imparting axial strength and stiffness but compromising on the extension. 
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The rheology of the melted polymer influences the relative movement of the polymer 
in the extruder. The high viscosity polymers tend to move slower than the low 
viscosity polymers, preferring to cling to the outer wall of the extruder as shown in 
Figure 2.17 (Richards, 2005). 
 
Figure 2.17 The movement of high viscosity polymer in an extruder. 
2.7 Conclusions 
In summary, textile wastes have become global issues and recycling is the best 
method to avoid send the waste going to landfill. Majority of textile wastes are 
thermoplastic polymer, made from non-renewable resources that can be recycled 
several times. However, mix-materials consist in the textile products limit the 
recycling process due to lack of facilities and technologies. Due to complex 
components in one product, thermo-mechanical approach using melt spinning is 
most applicable to recycle two or more polymers components. PA6 classified as an 
expensive textile fibre was the main focus for this study. The blending of PA6 with 
other textile polymers, grouped into interacting (PA6:TPU) and non-interacting blend 
(PA6:PP and PA6:PET), extruded as hybrid fibres using melt spinning will be studied 
thoroughly in the next chapters.  
 
 
High viscosity 
polymer 
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Methodology 
This chapter describes the materials and methods to produce hybrid fibres along with 
methods to obtain upcycled PA6 fibres. The testing on fibres characterisation was 
also explained. The fibres were characterised based on thermal properties: 
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA), 
rheology properties (capillary rheometry), chemical properties (ATR-FTIR) and 
mechanical properties (tensile strength, breaking elongation and Young modulus). 
The method to produce PP-40 (refer to Table 3.2) knitted fabrics was explained along 
with the treatment conducted to obtain treated fabric. Several fabric testing conducted 
to study the fabric properties are also included in this chapter. 
3.1 Materials  
Five extrusion grade polymers were used in this work: polyamide 6 (PA6) as a main 
polymer and four other polymers as secondary polymer, two different grade of 
thermoplastic polyurethane (TPU), thermoplastic polyether-polyurethane SP9305A 
(TPU-A) and thermoplastic polyether-polyurethane 1278D (TPU-D), polyethylene 
terephthalate (PET) and polypropylene (PP). Details of the polymers are given in 
Table 3.1.  
Table 3.1 Types of polymer. 
 
Polymer Type Company Country Melting 
temperature 
(°C) 
Polyamide 6 Radilon S 35F 
100NT 
Radici Group, 
Gandino,  
Italy 223 
Thermoplastic 
polyurethane 
1278D 
Elastollan®1278 
D 11U000 
BASF 
Polyurethanes 
GmbH, 
Lemförde,  
Germany 189 
Thermoplastic 
polyurethane 
SP9305A 
Elastollan® SP 
9305 A  
BASF 
Polyurethanes 
GmbH, 
Lemförde,  
Germany 140 
Polyethylene 
terephthalate 
N/A ICI Pakistan 251 
Polypropylene Capilene® T 89 
E 
Carmel Olefins 
Ltd 
Israel 165 
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3.2 Fibre extrusion 
Four different polymer blends were prepared to produce hybrid fibres: i) PA6 and 
TPU-D, ii) PA6 and TPU-A, iii) PA6 and PET and iv) PA6 and PP. The pellets were 
manually mixed based on the weight composition listed in Table 3.2. The weight 
composition for each blend is based on the trial production of the blend in the melt 
spinning. Each blends were identified with the secondary polymer and its weight 
composition used in the blend, for example 80% of PA6 blend with 20% PP was 
indicated as PP-20. Single component fibres were also produced from each polymer. 
PA6, PET and TPUs were dried prior extrusion while PP pellets were used as 
provided by the supplier.The dried and mixed pellets were directly used for melt 
extrusion. 
Table 3.2 Blend composition of the fibre. 
Blend Fibre	 PA6 PP PET TPU	
1278D	
TPU	
9305A	
 PA6   100 ‐ ‐ ‐  ‐ 
 
PA6:TPU-D	
	
 
TPU‐D 20 80 ‐ ‐ 20  ‐ 
TPU‐D 50 50 ‐ ‐ 50  ‐ 
TPU‐D  ‐ ‐ ‐ 100  ‐ 
 
PA6:TPU-A 	
	
 
TPU‐A 20 80 ‐ ‐ ‐  20
TPU‐A 50 50 ‐ ‐ ‐  50
TPU‐A   ‐ ‐ ‐ ‐  100
 
PA6:PET 
PET‐20  80 ‐ 20 ‐  ‐ 
PET‐30  70 ‐ 30 ‐  ‐ 
PET‐40  60 40    
PET‐50  50 50    
PET‐60  40 60    
PET‐70  30 70    
PET‐80  20 ‐ 80 ‐  ‐ 
PET  0 100    
	
PA6:PP 
	
	
 
PP‐20  80 20 ‐ ‐  ‐ 
PP‐35  75 35 ‐ ‐  ‐ 
PP‐40  60 40 ‐ ‐  ‐ 
PP‐50  50 50 ‐ ‐  ‐ 
PP  ‐ 100 ‐ ‐  ‐ 
 
 36  
 
3.2.1 Drying of polymer pellets 
Polymers pellets PA6, PET and TPUs, were dried in the vacuum oven (Gallenkamp, 
1000 mbar) and conventional oven to remove moisture content in the pellets. 
Preliminary drying process was done on the PA6 pellets, to find an appropriate drying 
time (Appendix B). The result shows that the drying time has no significant changes 
to PA6 properties if the drying temperature is kept below 140°C for 24 h. However, 
the duration of drying virgin PA6 pellets is recommended to be more than 3 h to 
remove moisture from the pellets. In this study, the pellets were dried at 100°C for at 
least 6 hours. 
3.2.2 Melt extrusion 
The melt extruder used in this study was a twin-screw extruder, Rondol-Microlab 
manufactured by Rondol Technology Ltd., France. Twin-screw extruder has better 
mixing function compared to single-screw extruder, which is the main reason it has 
been chosen in this study. A winder was used to collect the extruded fibres from the 
orifice exit and wound the fibres onto a bobbin. A schematic diagram of the twin screw 
melt extruder and winder assembly is illustrated in Figure 2.15. The system consists 
of a feed hopper, melting and mixing area, orifice and take-up winder. The feed 
hopper is an entrance for the polymer pellets to get into the melt extruder. It also 
controls the volume of the pellets that can be fed at one time. The polymer pellets 
then go through to the melting and mixing area which comprises of co-rotating twin 
screw (10 mm diameter, 200 mm length) and four heating zone (Z1 to Z4) that can 
be set up to 300 °C for each zone. Subsequently, the melted and mixed polymer was 
directed to the single orifice (2 mm diameter) die which is also equipped with heating 
zone (Z5). The extrudate from orifice outlet, called fibres, were collected by take-up 
cross-winder which was positioned approximately 1 m from the outlet. The same 
process was repeated for other polymer blends. The fibres were produced at variable 
temperature profile, screw speed and take-up winder speed as shown in Table 3.3. 
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Table 3.3 The temperature setting, screw speed and take-up speed of melt extruder 
(refer to Table 3.2 for blend composition). 
	
Fibre	
Temp	
Zone	1	
(°C)	
Temp	
Zone	2	
(°C)	
Temp	
Zone	3	
(°C)	
Temp	
Zone	4	
(°C)	
Temp
	Die	
Zone	
(°C)	
Screw	
speed	
(RPM)	
Take	up	
speed		
(m	min‐1)	
PA6, 
TPU-D 20, 
TPU-D 50, 
TPU-D  
 
170  180 210 220 230 40, 60, 
80 
24.5
 
PA6, 
TPU-A 20, 
TPU-A 50, 
TPU-A  
165  180 200 210 220 60  20
    
PA6, 
PET-20, 
PET-30, 
PET-40, 
PET-50, 
PET-60, 
PET-70, 
PET-80, 
PET 
230  250 260 260 260 60  24.5
 
PA6, 
PP-20, 
PP-35, 
PP-40, 
PP-50, 
PP  
170  185 230 230 230 60  24.5
 
 
 
3.3 Fibre treatment 
After the production of the hybrid fibres, the process of removing the secondary 
polymer (TPU-D, TPU-A, PET and PP) from hybrid fibres was conducted to 
investigate the potential of producing upcycled PA6 fibres. To achieve this objective, 
the hybrid fibres were fully immersed in specific solvents and method of extraction as 
presented in Table 3.4. After each extraction, fibres were collected and rinsed with 
water to precipitate PA6. The as-spun hybrid fibres will be called untreated fibres and 
the hybrid fibres after removing the secondary polymers will be called the treated 
fibres. 
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Table 3.4 Solvents and extraction method of secondary polymer. 
3.4 Microscopy 
The changes in the fibres morphology before and after treatment were examined by 
microscopy. Two microscopy techniques were used in this study; light microscopy 
and scanning electron microscopy (SEM).  
Hybrid	
fibres	
Solvent		 Duration
(h)	
Temperature	
(°C)	
Apparatus	set	up	
	
PA6:TPU-
DTPU-D 
 
Dimethyl 
sulfoxide 
(DMSO) 
3, 24 
Room 
temperature  
	
PA6:TPU-A  
Dimethyl 
sulfoxide 
(DMSO) 
3  Oil bath 90 °C  
	
	
PA6:PET 
 
 
 
 
 
 
 
Sodium 
hydroxide 
 
3 
 
Boiling water 
100 °C  
	
	
PA6:PP	
 
 
Toluene 
 
3  
 
100 
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3.4.1  Light microscopy  
Light microscope (LM) is able to view fibre structure that is not visible to naked eyes 
with the help of visible light and magnifying lenses. Under LM, details of the fibre 
structure can be produced at better resolution either in single or a bulk of the fibres.  
Before viewed under the LM, fibres were prepared following the AATCC Test Method 
202159 as shown in Figure 3.1. The cross-section of fibres were observed under a 
Leica M205C light microscope. The examples of fibre’s cross-section viewed under 
LM are shown in Figure 3.2. The images from LM are used to measure the cross-
section area of the fibres. A minimum of 30 fibre images of each sample were 
analysed using ImageJ software to get mean value of fibre cross-sectional area. 
            
Figure 3.1: Preparation of fibres for cross-section view under LM: 1- prepare 
the perforated plate, 2- insert needle threader through one of the holes, 3-insert 
a bundle of fibres into the wire loop of the needle threader, 4- pull the wire loop 
and the fibres through the hole, 5- cut the fibres at both sides of the plate, 6- 
the cut fibres (show by arrow) ready to be viewed under LM.  
 
Figure 3.2 Examples of fibre cross-section images captured by LM: a) PA6 fibres 
and b) TPU-D 50 untreated fibres. 
Most of the fibres produced through melt extrusion with the circular die shape will 
produced circular and round shape fibres as shown in Figure 3.2 (a). The diameter 
a b 
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of fibres was calculated by using Eq. 3.1 with d is a fibre diameter and A is the cross-
section of fibre area. The diameter of the non-circular shape hybrid fibres (PA6:TPU-
D shown in Figure 3.2 (B)) was calculated by using Eq. 3.1 (Tran et al., 2016) 
assuming the ‘circular equivalent diameter’ (CED) of the fibres obtained from the fibre 
cross-section area (bulk)(illustrated in Figure 3.3).  
𝑇𝑟𝑢𝑒 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 ൌ 𝐵𝑢𝑙𝑘 𝑎𝑟𝑒𝑎 െ 𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝𝑜𝑟𝑒𝑠  Eq. 3.2
 
Figure 3.3 Illustration of bulk and true cross-section area. 
To get the true cross-sectional area of PA6:TPU-D hybrid fibres, the bulk and total 
pores area in the fibres were measured using ImageJ software. First, the image taken 
using LM was opened in the ImageJ software. Then, the scale was set based on the 
scale provided in the image (Analyze > Set Scale). Using a pencil tool, fibre area was 
sketch as shown in Figure 3.4 (1). Next, the image was duplicate and new image box 
will appear as shown Figure 3.4 (2) (Image > Duplicate). To measure the fibre bulk 
cross-section area, the Analyze and Measure were chosen (Analyze > Measure). To 
measure the pores area, the image colour should be adjusted by click (Image > 
Adjust > Threshold > Apply). The image will change colour as shown in Figure 3.4 
(3). To determine the pores area, click (Analyze > Analyze particles > OK). Copy and 
paste the particle size measurement in Microsoft Excel to get the total pore area. The 
true cross-sectional area of the fibres was measured using Eq. 3.2. At least thirty 
images of each fibres were analysed to get the mean value of the total pores and 
bulk area of the fibres.  
 
𝑑஼ா஽ ൌ ඨ4𝐴𝜋  
  
Eq. 3.1 
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Figure 3.4 Step of measuring PA6:TPU-D hybrid fibre cross-section area in ImageJ 
software. 
3.4.2 Scanning electron microscopy (SEM) 
Some of the treated fibres obtained in this study having a structural change that is 
difficult to be observed clearly on LM as shown in Figure 3.5 (left), owing to 
wavelength of the light. SEM can be used to observe fine microstructural detail as 
electrons have much smaller wavelength compared to lightshown in Figure 3.5 
(right). Therefore, SEM was used to investigate the structure of the fibre particularly 
the treated fibres. Hitachi S-2600N SEM fitted with a tungsten electron source and 
secondary electron detector was used to obtain the morphology of the cross-section 
and surface of the fibres. Fibres samples were placed on a 12 mm diameter pinned 
stub with conductive tape and were frozen in a standard freezer overnight at -20 °C. 
All samples were then gold coated in an Emitech K550X sputter coater at 25 mA for 
4 mins to avoid the sample charging. The samples were placed in a specimen 
chamber and observed in a high vacuum at an acceleration voltage of 3 kV with 
working distance of 4 to10 mm. SEM images were also viewed using Jeol JSM-
6610LV scanning electron microscopy (SEM) at 8 kV acceleration voltage with 1000x 
magnification. At least 3 micrographs were taken from each sample. 
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Figure 3.5 Example of images of a) TPU-D 50 and b) PP-60 treated fibres viewed 
under light microscope (left) and scanning electron microscope (right). 
3.5 Capillary rheometry 
The viscosity of the polymers is vital to the development of final hybrid fibre 
morphology. To understand the molten flow of the polymer during melt spinning, the 
viscosity of the polymer was determined using capillary rheometry.  
                                     
Figure 3.6 Capillary Rheometer. 
The viscosity of the polymer was measured using a RH2000 capillary rheometer 
manufactured by Bohlin Instruments, UK. The equipment has 16 mm diameter barrel, 
equipped with three heating zones and 1 mm capillary die diameter as illustrated in 
a a’
b b’
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Figure 3.6. Approximately 30 g polymer pellets were filled in the barrel and heated at 
a designated temperature. The selected temperature was based on the temperature 
used in the melt extrusion process. For PA6, PP, TPU-A and TPU-D, the processing 
temperature at the melt extruder is 230 °C, and for PA6 and PET blend, the 
processing temperature is 260 °C. The temperature for all heating zone was held 
constant. The molten polymer was forced to extrude through the capillary die by 
altering the piston speed between 1-35 mm min-1 resulting in an apparent shear rate 
of 30 to 1050 s-1 with an interval of 150 s-1. A pressure transducer located near to the 
die records the pressure when the polymer is in a steady state condition. The shear 
viscosity of the polymers can be calculated by Eq. 3.3. The shear stress and shear 
rate of the polymer are calculated by Eq. 3.4 and Eq. 3.5, respectively. The 
morphology of hybrid fibres can be predicted using Jordhamo model shown in Eq. 
2.1  
 
𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦, 𝜂 ൌ 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠, 𝜎௦𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑎𝑖𝑛, 𝛾   Eq. 3.3 
𝑆ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠, 𝜎௦ ൌ 𝑃𝑟2𝑙  Eq. 3.4 
𝑆ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒, 𝛾 ൌ 4𝑄𝜋𝑟ଷ 
Where, 
 
𝑃  = Pressure drop at the die (N m-2) 
𝑟   =  Capillary radius (m) 
𝑙  = Capillary length (m) 
𝑄 = Volume flow rate (m3 s-1) 
Eq. 3.5 
 
3.6 Thermal properties 
The study of thermal properties of the fibres is necessary to identify suitable condition 
for fibres and fabric production (Richards, 2005) and to find the relationship between 
the structure and crystallinity of the fibres (Khanna, 1990). Two methods: differential 
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scanning calorimetry (DSC) and thermogravinometric analysis (TGA) were used to 
study changes of the thermal properties of the untreated and treated hybrid fibres.  
3.6.1 Differential scanning calorimetry 
DSC has been widely used to identify the thermal behaviour of the polymers. In DSC, 
the sample is placed in a sample pans and heated together with empty reference pan 
as shown in Figure 3.7. Certain amount of energy is required to heat or cool the 
sample. The difference of the heat flow into a sample and a reference pan is 
measured as a function of temperature. Basic DSC curve is shown in Figure 3.8. 
However, the curve will vary according to the materials/sample properties and 
thermal history.  
                  
Figure 3.7 DSC diagram. 
During the scanning process, three state changes of the sample can be observed: 
glass transition, melting and crystallisation state. The glass transition is the change 
of the sample from glassy to rubbery state, which normally happens when the 
polymer has an amorphous region, called as glass transition temperature. When the 
temperature increases, the crystalline region begins to melt (Tonset) and more energy 
required to melt the crystal structure. This melting transition produces endothermic 
peak or melting peak, called melting temperature (Tm) which indicates the heat flow 
in the sample. When cooled, the liquid crystal will solidify and the heat flow will 
release from the sample developed the exothermic peak or crystallisation peak, 
called crystallisation temperature (Tc). The area under the melting curve indicates the 
energy required to melt the crystal, called melting enthalpy (∆𝐻௠). The melting 
enthalpy can be used to estimate the percentage of the crystallinity of the sample 
calculated from Eq. 3.6 where ∆𝐻௠ is melting enthalpy and ∆𝐻௠଴  is a reference value 
of melting enthalpy obtained from the perfect crystal of the same material. 
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Figure 3.8 Basic DSC curve diagram.  
 
% 𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 ൌ 𝛥𝐻௠𝛥𝐻௠ ଴ ൈ 100 
Eq. 3.6 
 
DSC analysis was performed to study the effect of mixing two polymers on the 
thermal properties of the hybrid fibres. In polymer blend, the miscibility of the blend 
can be detected by observing the glass transition temperature or melting temperature 
of the component polymers in the DSC curve. If the polymer blend is compatible to 
each other, the melting peak of the blend will show only one peak and might be 
slightly different from their parent polymer. However, if the blend is incompatible, two 
melting peaks will be observed as shown in Figure 3.9. The percentage crystallinity 
of the blend polymer can be estimated with the addition of the weight composition of 
each blend, w, as shown by Eq. 2.4, Eq. 2.5 and Eq. 2.6. Crystallinity effects thermal, 
mechanical, optical and chemical properties of polymer. The amount of crystallinity 
in polymers generally ranges between 10-80%. 
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Figure 3.9 DSC heating curve of PA6 and PP hybrid fibres. 
% 𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑋 ൌ 𝛥𝐻௠௫𝛥𝐻௠௫଴ ൈ 𝑤௫ ൈ 100 
Eq. 3.7
Where, 
 
𝛥𝐻௠   = Melting enthalpy (J g-1) 
𝛥𝐻௠ ଴ =  Reference value of melting enthalpy (J g-1) 
𝑤  = Weight fraction in the blend  
𝑥 = Respective polymer 
 
A Q2000 DSC apparatus from TA instrument was used in this work. 5-7 mg undried 
fibres were cut and placed in an aluminium pan before heating-cooling-heating from 
0-250 °C (for PA6:PET, the heating temperature is 0-280 °C) at 10 °C heating rate in 
a 25 mL min-1 nitrogen (N2) controlled atmosphere.  
3.6.2 Termogravinometric analysis  
The thermogravinometry analysis (TGA) was used to study the thermal stability and 
degradation of the untreated and treated hybrid fibres. TGA measures the changes 
of the sample mass per unit time or temperature. The sample was placed in a 
aluminuim pan and heated in a controlled atmosphere as shown in Figure 3.10. 
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During heating, the sample under-goes mass changes by oxidation, decomposition 
and desorption which can be used to analyse the thermal stabilities and 
decomposition of the sample. Figure 3.11 shows an example of TGA curve for one 
step desomposition. The onset temperature and end temperature indicate the 
starting and end point of decomposition, respectively. 
 
Figure 3.10 TGA diagram. 
 
                           
Figure 3.11 Example of TGA curve. 
In this study, thermal decomposition of the fibres was carried out on a 
thermogravimetric analyzer (TGA)(TGA Q50). The temperature range was set from 
25 °C to 600 °C under nitrogen atmosphere (25 mL min -1) at the heating rate of 10 
°C min-1.  
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3.7 Fourier Transform Infrared Spectroscopy 
Fourier Transform Infrared (FTIR) spectroscopy is a well-established technique to 
identify the component polymers in fibres. The FTIR equipped with Attenuated Total 
Reflectance (ATR) can be used to study possible changes in chemical structure on 
fibres surface before and after treatment. The sample is placed under the ATR crystal 
and the infrared beam passes through the sample (Figure 3.12). The infrared 
radiation is absorbed/transmitted by different molecules of the sample at a different 
wavelength which is then plotted as transmittance/absorbance intensity against the 
wavelength number.  
A bundle of fibres was placed on the ATR-FTIR (Perkin Elmer Spectrum BX 
spectrophotometer) crystal. The wavelength was set from 600-4,000 cm-1 with 32 
scans, 4 cm-1 and scanning interval was 2 cm-1. 
                                     
Figure 3.12 ATR-FTIR diagram. 
3.8 Tensile properties 
Tensile properties of fibres are important for fibre processing and the performance of 
textile products in use. Tensile properties are measurement of the strength, 
elongation, breaking point and initial modulus of fibres under uniaxial force applied 
along the fibre axis. The example of tenacity-elongation curve is shown in Figure 
3.13. The fibre strength or tenacity is measured by dividing the force needed to break 
the fibres with the mass per unit length of the fibre as shown in Eq. 3.8. The strain or 
elongation of the fibres is usually present as a percentage can be calculated by Eq. 
3.9. Breaking point indicates the position where the fibres snap. Initial modulus is the 
ratio of the tenacity and the elongation of the fibres within the elastic region of 
tenacity-elongation curve, Eq. 3.10.  
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Figure 3.13 Tenacity against elongation curve. 
 
𝑇𝑒𝑛𝑎𝑐𝑖𝑡𝑦 ൌ 𝐹𝑜𝑟𝑐𝑒 ሺ𝑁ሻ𝑀𝑎𝑠𝑠 𝑙𝑒𝑛𝑔𝑡ℎ ሺ𝑡𝑒𝑥ሻ⁄  Eq. 3.8
𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛 ൌ 𝐸𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛 ሺ𝑚𝑚ሻ𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ ሺ𝑚𝑚ሻ  Eq. 3.9
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 ൌ 𝑇𝑒𝑛𝑎𝑐𝑖𝑡𝑦 ሺ𝑁 𝑡𝑒𝑥
ିଵሻ
𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛  Eq. 3.10
The tensile properties of single fibres were measured using single column tensile 
strength tester (Instron 5540 and Titan) following BS EN 13895 (gauge length: 20-
100 mm at 500-1000 mm min-1 cross-head speed). At least 10 specimens were tested 
for each fibre to calculate average value. 
3.9 Roller Drawing 
The PP-40 was melt extruded and drawn to produce knitted fabric. Drawing of fibres 
increases the strength of the fibres. The PP-40 fibres were cold drawn on a draw-
frame machine (Figure 3.14). 
Preliminary test was conducted to get draw ratio on different gear number by fixing 
the master drive at 40%, shown in Table 3.5. The PP-40 fibres were drawn at gear 
number 45 with the draw ratio of 2 The mechanism of the drawing process is 
illustrated in Figure 3.15. 
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Table 3.5 Draw ratio of the feed roller and draw roller 
Gear no. Feed roll A 
(s/rotation) 
Draw roll B 
(s/rotation) 
Draw ratio 
(A/B) 
20 23.2 5.3 4.4 
25 18.7 5.3 3.5 
30 15.5 5.3 2.9 
35 13.3 5.3 2.5 
40 11.7 5.3 2.2 
45 10.4 5.3 2 
50 9.3 5.3 1.8 
55 8.4 5.3 1.6 
60 7.7 5.3 1.5 
65 7.1 5.3 1.3 
70 7.1 5.3 1.3 
    
 
Figure 3.14 Filament drawframe. 
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Figure 3.15 Filament drawing mechanism. 
3.10  Winding  
Drawn PP-40 was winded on a paper spool as shown in Figure 3.16 (left). There are 
some difficulties to produce the fabric directly from the spool. Therefore, the drawn 
PP-40 hybrid fibres were rewound onto a cone (Figure 3.16 (right)) that more suitable 
for fabric production. The fibres were rewound by twisting machine (DirectTwist-2B, 
Agteks Ltd., Turkey) as shown in Figure 3.17. 
 
Figure 3.16 PP-40 yarn carrier; left- spool and right-cone. 
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Figure 3.17 Twisting machine. 
3.11  Knitted fabric production 
Single filament of PP-40 hybrid fibres was used to produce circular plain knitted 
fabric. The fabrics were produced on a 10-gauge double-bed flat knitting machine 
(hand-driven) as shown in Figure 3.18. The fabrics were treated to remove the PP 
component in boiling toluene for 3 h (Table 3.4). After treatment, the fabrics were 
washed using water and dried at room temperature for at least 24 h. The untreated 
and treated fabrics were conditioned at 20±2°C and a relative humidity of 65±5% for 
24 h prior to performance testing. 
 
Figure 3.18 Double-bed flat knitting machine (10-gauge). 
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3.12 Fabric testing 
Several tests were conducted to study the effect of removing PP component from the 
fabrics on performance of the fabrics. Fabric structure (observed by light microscope 
and SEM), fabric specification, water absorption (vertical wicking test), drapability 
(bending length) and mechanical (ball burst strength test) properties of the fabrics 
were conducted.  
3.12.1 Sample preparation 
Prior to testing, samples for each testing were prepared and cut as shown in Figure 
3.19. At least 3 samples for each test were prepared. 
              
Figure 3.19 Template for sample size on top of the treated fabric. 
3.12.2 Fabric specification 
The physical properties of fabric such as fabric mass per area, thickness, number of 
courses and wales per inch and sticth density were measured.  
a) Fabric mass per area 
Mass per unit area of the fabrics was assessed using ASTM D3776-09 (2002) 
Option C – small swatch of fabric. The sample size was modified due to the 
limited fabric size obtained. Three samples with each having an area at least 
38.5 cm2 were prepared. The samples were weight on digital balance 
(AdventurerTM Ohaus) and recorded in gram (g). Fabric mass per unit area 
was calculated based on Eq. 3.11. 
𝑀𝑎𝑠𝑠 𝑝𝑒𝑟 𝑎𝑟𝑒𝑎 ሺ𝑔 𝑚ଶሻ⁄ ൌ 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒, ሺ𝑔ሻ𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑟𝑒𝑎 ሺ𝑚ଶሻ  Eq. 3.11
Bending length 
Vertical wicking test 
 (9 x 2.5 cm)  
Stitch density 
Microscopy images 
(1 in x 1 in) 
Fabric weight 
Fabric thickness 
Ball burst strength 
 (d = 7 cm) 
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b) Fabric thickness 
Fabric thickness were measured using BS EN ISO 5048-1996 on Shirley 
Thickness Gauge. Three samples of each fabric having an area at least 38.5 
cm2 were prepared. The sample was placed between the reference plate and 
circular presser-foot equipped with 50 g pressure load. The distance between 
the reference plate and the circular presser-foot was recorded after 5 s.  
 
c) Courses per inch (CPI), wales per inch (WPI) and stitch density 
CPI and WPI of the untreated and treated fabric were measured with 
magnifying glass. The sample size 1 x 1 in was prepared according to the 
course and wales wise of the fabric. Then the samples were placed under 
magnifying counting glass and the CPI and WPI were counted and recorded. 
The loop created horizontal to the fabric is called course.Wales is the loop 
produced by the same needle and are vertical to the fabric as shown in Figure 
3.20. The stitch density of the fabric is measured by Eq. 3.12. Stitch density 
represents the looseness or tightness of the fabric; the higher the value, the 
denser the fabric. 
 
Figure 3.20 Course and wale of knitted fabric. 
 
𝑆𝑡𝑖𝑡𝑐ℎ 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ൌ 𝐶𝑃𝐼 𝑥 𝑊𝑃𝐼  Eq. 3.12
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3.12.3 Fabric structure 
The structure of the untreated and treated fabrics was view under light microscope 
(Leica M205C) and SEM. The procedure for this images is the same as procedure 
mentioned in section 3.4 (Microscopy). 
3.12.4 Bending length  
Bending length is related to the rigidity of the fabric, thus influences the drapability 
and the handle of the fabric. Common test to measure the fabric bending length is 
cantilever test where the length of the fabric deforms under its own weight was 
recorded. However, the PP-40 knitted fabrics produced in this study are stiff and tend 
to curl and twisted during cantilever test, therefore difficult to record the bending 
length. Other method suggested by (Peirce et al., 1930) is the hanging loop test which 
is done by clamping the two end of the fabrics and hung downward vertically to form 
loop shape. Three different loop shapes: ring, pear or heart shape can be used. The 
hanging pear loop test was chosen considering the limited fabric length obtained and 
method suitable for stiff fabric.  
 In this test, rectangular samples with 9 cm length (L) and 2.5 cm width were 
prepared. The end of the fabric strip was clamped and hung downward as shown in 
Figure 3.21. The vertical distance from the clamp to the bottom of the loop was 
recorded as the height of the loop, h. At least 3 samples were measured to get the 
average value of the loop height in course and wale directions. 
 
Figure 3.21 Hanging pear loop illustration. 
3.12.5 Vertical wicking test 
The ability of the fabric to transport liquid was conducted by measuring the vertical 
wicking behaviour in course and wale direction. At first, a wicking solution consists of 
distilled water, Azonine Scarlet 4BS red dye (0.15 g/l) and non-ionic detergent (0.12 
g/l) was prepared. The samples were hung and with the bottom samples immersed 
in the solution as shown in Figure 3.22. The rise in height was recorded after 30 mins. 
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However, we found out that the water and dye were separated on samples during 
wicking testing. The separated components make it difficult to record the height of 
the solution. Second method was prepared by giving a colour to the samples before 
immersing them in a dye bath as shown in Figure 3.23. 
 
Figure 3.22 Vertical wicking test using wicking solution. 
Before the test, both untreated and treated fabrics were coloured/dyed into red colour 
using different method, based on the outer component of the fibres. The untreated 
fabric which has PP as an outside component and PA6 located inside of the fibres 
were dyed with red dispersed dye. The dyeing process was conducted in Roaches 
Pyrotec 200 lab dye machine for 3 h at 100 °C. The treated fabrics, which only hasve 
PA6 microfibres as a component were easily dyed by immersing in the dye solution 
(0.15g/l Azonine Scarlet dye dissolved in 1 litre distilled water) for 30 mins. The 
rectangular samples with 9 x 2.5 cm measurement were prepared for this test. The 
samples were hung vertically with their lower part dipped in the distilled water (Figure 
3.23). The height of the water absorbed by the fabric was recorded for 5, 10, 15 and 
30 minutes. Six samples for each fabric: three in course and wale direction, 
respectively, were used in this test. 
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Figure 3.23 Vertical wicking test using water. 
3.12.6 Ball burst strength 
To evaluate the strength of the fabric, Titan ball burst strength test was used by using 
25.4 mm ball probe and ball burst tooling clamp as shown in Figure 3.24. Three 
samples from each fabric were used to get the average value of the fabric strength 
in Newton (N). The fabrics were conditioned at 20±2°C and a relative humidity of 
65±5% for at least 24 h before testing. 
 
Figure 3.24 Ball burst tooling clamp (left) and ball probe (right). 
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Production of partially miscible hybrid fibres of polyamide 6 
and thermoplastic polyurethane polymer  
 
4.1 Introduction 
This chapter describes the production of hybrid fibres from polyamide 6 (PA6) 
polymer blended with thermoplastic polyurethane (TPU) polymer via a single step 
twin-screw melt spinning process. TPU is widely used as a coating on top of textile 
fabrics due to its excellent stretchability, mechanical properties, water proofing and 
breathability (Oertel and Brentin, 1992; Akovali, 2012). Inflatable raft, life vests and 
other marine products use TPU coating on top of the polyamide woven fabrics. As 
these applications are multi-polymer configurations, it poses challenges during 
recycling as no commercial methods are available for sorting and separation into 
component polymers. Previous studies have reported the blending of PA6 and TPU 
in injection moulding and compression moulding, but there is paucity of work on PA6 
and TPU fibre blending. The blending of PA6 and TPU produces partially miscible 
polymer owing to hydrogen bonding between amide group in PA6 and urethane 
group in the TPU (John and Furukawa, 2009; Rashmi et al., 2013).  
Variety of TPUs can be produced by changing the ratio of hard to the soft segments 
and also by changing the constituent chemistries. Commercially, a ‘D’ symbol used 
in the TPU series number (e.g., Elastollan®1278 D) denotes the rigid types of TPUs, 
meanwhile ‘A’ symbol (e.g., Elastollan®9305 A) denotes the flexible types of TPUs 
(Huntsman, 2010). Therefore, two types of TPU with different grade were chosen in 
this study; TPU 1278D (TPU-D) and TPU 9305A (TPU-A) denote the rigid and 
flexible type of TPU, respectively. To maximise the usage of PA6 in the blending, 
the PA6 composition was set higher than secondary polymer (TPU); 50% and 80%. 
The morphology, chemical, thermal and mechanical properties of the fibres were 
investigated and discussed in this chapter. The discussion was divided into Part 1 
and Part 2, covering the blending of PA6:TPU-D and PA6:TPU-A, respectively. 
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4.2 Part 1: PA6:TPU-D 
4.2.1 Viscosity and fibre production  
The viscosity of polymers was measured to understand the rheology behaviour of 
the polymers during melt extrusion. The final morphology and the properties of the 
as-spun fibres are affected by the distribution of the polymers during melt extrusion 
process, which influenced by the apparent viscosity of the polymers. (He et al., 2014; 
Tang et al., 2003; Tavanaie et al., 2013). 
For PA6 and TPU-D, the apparent viscosity was measured at 230 °C (Figure 4.1), 
corresponding to the highest processing temperature (die temperature) of the 
polymer during fibre extrusion. PA6 shows higher viscosity at 230 °C than TPU-D. 
The PA6 has melting temperature at 220 °C and therefore has high viscous at 230 
°C while TPU-D which melts at 189 °C has lower viscosity at 230 °C. The viscosity 
of both polymers reduced when the shear rate increased showing the non-
Newtonian fluid behaviour with shear thinning effects.  
 
Figure 4.1 Viscosity of PA6 and TPU-D at 230°C. 
In the production of PA6:TPU-D hybrid fibres, the screw speed used was set at 40, 
60 and 80 rpm with the screw diameter of 10 mm and the overflight gap of 0.1 mm. 
The viscosity ratio and estimated shear rate for PA6:TPU-D hybrid fibres extruded 
at 230 °C are shown in Table 4.1, calculated using Eq. 2.2 and 2.3, respectively.  
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Table 4.1 Shear rate and viscosity of the PA6:TPU-D hybrid fibre. 
Screw 
speed 
(rpm) 
Shear rate 
 (s-1) 
PA6  
Viscosity, 𝜂௉஺଺ (Pa.s) 
TPU-D 
Viscosity, 
𝜂்௉௎஽ (Pa.s) 
Viscosity 
ratio 
(𝜂்௉௎஽/𝜂௉஺଺) 
40 209 1130 170 0.15 
60 314 890 120 0.13 
80 419 770 100 0.13 
 
The viscosity ratios between PA6 and TPU-D for three cases show the value smaller 
than 1, thus better dispersion of TPU-D in the PA6 matrix should be expected 
(Kirchhoff, 2007). The increasing of the screw speed also expected to the decrement 
of the droplet size (Tavanaie et al., 2013). However, the final morphology of the 
PA6:TPU-D hybrid fibres appears different from the previous study as discussed in 
section 4.2.2 (Morphology of the as-spun fibres). 
After the rheology testing, both single component fibres, PA6 and TPU-D, and 
PA6:TPU-D hybrid fibres were produced via melt spinning as mentioned in section 
3.2.2 (Melt extrusion). Two blend compositions of PA6:TPU-D were produced; 80:20 
(TPU-D 20) and 50:50 (TPU-D 50) together with 100% PA6 (PA6) and 100% TPU-
D (TPU-D) as reference fibres. The 20:80 (TPU-D 80) of PA6:TPU-D was not 
successfully produced at 230 °C processing temperature due to the very low 
viscosity of the TPU. In TPU-D 80, major component in the blend is TPU-D which 
has low viscosity at 230 °C. When the viscosity is too low, the polymer become 
delicate thus difficult to form into fibres. The TPU-D 20 and TPU-D 50 were also 
produced at higher processing temperature than 230 °C (240 °C & 260 °C), however 
the fibres were not successfully formed due to the low viscosity of TPU-D. 
4.2.2 Morphology of the as-spun fibres 
In polymer blend, phase separation between two partially or fully immiscible 
polymers was expected with the dispersed phase that was formed into droplet, 
sphere or fibril shape (Tavanaie et al., 2013) or produced into co-continuous 
morphology as shown in Figure 2.10. In this study, the blending of PA6 and TPU-D 
produced multi-porous fibres as shown in Figure 4.2. Furthermore, the phase 
separation between these two polymers also hardly be seen. In other studies, 
obvious phase separation can be seen between TPU and other polyamide group; 
PA6 (Chiu and  
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Figure 4.2 SEM images of PA6:TPU-D hybrid fibres and single component fibres 
in cross-section view (left) and longitudinal view (right). 
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Chuang, 2009), PA10 (Zhang et al., 2005), PA11 (Rashmi et al., 2017) and PA1212 
(Li et al., 2008). As compared with the single component of PA6 and TPU-D fibres, 
dissimilar morphology was observed in the hybrid fibres. PA6 fibres, as expected, 
produced cylindrical fibre shape with smooth fibre surface, typical fibre shape for 
man-made fibre. The added 20% of TPU-D in the PA6 modified the fibre structure 
into multi-porous fibres with grooved fibre surface as seen in Figure 4.2 (TPU-D 20). 
The multi-porous fibres can also be viewed in the TPU-D 50 (Figure 4.2 (TPU-D 
50)), with the fibre surface smoother than TPU-D 20. Meanwhile, the TPU-D single 
component fibres demonstrated the present of pores in the fibres when produced at 
230 °C. 
The existence of pores in the TPU-D fibres is unlikely to develop in standard TPU 
fibres. To clarify the present of pores, TPU-D fibres were produced at different 
processing temperatures starting from 200 °C to 230 °C with interval of 10 °C. The 
microscopy images in Figure 4.3 show that no pore was formed in the TPU-D fibres 
produced at 200 and 210 °C. The development of pores started to appear in the 
TPU-D fibres produced at 220 °C, shown in dotted circles, and significant pores 
clearly seen in the fibres produced at 230 °C. 
 
Figure 4.3 Micrograph of TPU-D fibres produced at different processing 
temperature (range 200°C~230°C) pores appear in the fibres produced at 
220°C were shown in dotted circles. 
Producing the TPU-D fibres at high temperature tends to degrade the TPU and 
causes release of carbon dioxide, oxidation and chain scission in the polymer (Lu 
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et al., 2003). The high processing temperature of TPU-D in this study (~45°C higher 
than melting temperature) causes the TPU-D to degrade hence produce gas 
bubbles and leaves pores in the TPU-D fibres. Therefore, the developed pores in 
TPU-D fibres produced at high processing temperature clarifies the existence of 
multi-pores in the PA6:TPU-D hybrid fibres. The presence of small pores was also 
found by Chiu and Chuang (2009) in the compressed mould of PA6:TPU (80:20) 
and Zo et al. (2014) in the PA6 and TPU blend composites, which were produced in 
the temperature range of 230 to 260°C. 
To study the effect of shear rate and elongation force on the morphology of the 
hybrid fibres, the TPU-D 20 was produced at different screw speed and take-up 
winder speed as mentioned in Table 4.2. The SEM images in Figure 4.4 and Figure 
4.5 show the presence of pores in all the fibres nevertheless the processing 
parameters of the melt extrusion. This proves that the pores developed in the hybrid 
fibres are not cause by the mechanical interaction between both polymers during 
melt extrusion which produced at higher shear rate. The surface of the TPU-D 20 
fibres produced at different screw speed and take-up speed was also groovy, unlike 
the PA6 single component fibres which can benefit to higher fibre surface area. 
Table 4.2 Processing parameter of TPU-D 20. 
Screw speed 
(rpm) 
Take-up winder speed 
(m min-1) 
40 24.5 
40 
60 24.5 
40 
80 24.5 
40 
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Figure 4.4 SEM mages of TPU-D 20 fibres produced at different screw speed in 
cross-sectional view (top) and fibre longitudinal view (bottom). 
Figure 4.5 SEM images of TPU-D 20 produced at different winder take-up speed 
in cross-sectional view (top) and fibre longitudinal view (bottom). 
4.2.3 Polymer extraction 
After extrusion of the fibres, the single component and hybrid fibres (TPU-D 20 & 
TPU-D 50) were treated with dimethyl sulfoxide (DMSO) to remove the TPU-D 
component from the hybrid fibres. The extraction method was performed as 
mentioned in section 3.3 (Fibre treatment). The TPU-D was immersed in the DMSO 
for 3 h and 24 h and the mass before and after the treatment was recorded and the 
mass loss was calculated using Eq. 4.1.  
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𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 ሺ%ሻ ൌ 𝑚𝑎𝑠𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 െ 𝑚𝑎𝑠𝑠 𝑎𝑓𝑡𝑒𝑟𝑚𝑎𝑠𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 ൈ 100 Eq. 4.1
From the observation during the experiment, the TPU-D fibres were found 
completely dissolved after 15 mins in DMSO. The PA6 and hybrid fibres, however, 
remained in the fibre form after the chemical treatment. The percentage of the TPU-
D component loss during the treatment in DMSO (refer to Table 4.3), indicates that 
it was not fully eliminated from the hybrid fibres. For TPU-D 20 hybrid fibres, 
approximately 6% of TPU-D left in the fibres. While in TPU-D 50, approximately 20% 
of TPU-D remains in the fibres after the treatment. Dissolving hybrid fibres in short 
and long period did not show notable difference in terms of mass loss.  
Table 4.3 Mass loss of PA6:TPU-D hybrid fibres after being treated in DMSO and 
formic acid for 3 and 24h. 
Fibre Duration TPU-D mass loss 
in DMSO (%) 
PA6 mass loss 
in Formic acid 
(%) 
PA6  3 0 100 
TPU-D 20 3 14 Disintegrated 
24 15 Disintegrated 
TPU-D 50 3 30 26 
24 30 27 
TPU-D 3 100 - 
 
Figure 4.6 shows the light microscopy images of hybrid fibres before and after 
treatment with DMSO to remove the TPU component. The morphology of TPU-D 20 
appears to be not much affected by the DMSO treatment, either in 3 h or 24 h of 
treatment. However, TPU-D 50 treated for 3 h and 24h shows modifications in the 
fibre morphology. The pores existed in the TPU-D 50 before treatment (Figure 4.6 
lower left) were no longer seen in most of the 3h and 24h treated fibres (Figure 4.6 
lower middle and right). Some of the TPU-D 50 hybrid fibres treated for 3h were not 
affected by DMSO treatment (shown by dotted circle in Figure 4.6, lower middle). 
The fibres in the dotted circles still have pores as the fibres before treatment 
whereas in other fibres, no obvious pores can be seen. This might be cause by the 
shorter time (3h) exposed in the DMSO or DMSO has not reached to certain areas 
in the fibres. 
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Figure 4.6 Micrograph of TPU-D 20 (upper) and TPU-D 50 (lower) before (left) and 
after treatment with DMSO for 3h (middle) and 24 h (right). 
Significant difference can be seen between the TPU-D 50 for 3h and 24 h 
microscopy images where fibres were completely treated with DMSO for 24 h 
(Figure 4.6 lower right). The changes of the fibre morphology are related to the 
function of DMSO to extract the TPU-D component from the fibres. The DMSO has 
the ability to get inside the fibres through the pores and extracts the TPU-D 
component. However, the shape of the pores is also affected by the removal of TPU-
D hence the fibre morphology changed. The residue of TPU-D in the fibre after 
treatment might attached to the PA6 or the TPU-D was trapped inside the fibres. 
To get closer observation of the fibre morphology after treatment, high magnification 
SEM images of the hybrid fibres after 24 h treated with DMSO were obtained as 
shown in Figure 4.7. The morphology of the fibres after treatment shows dissimilarity 
to the as-spun fibres (shown in Figure 4.2). The transformation of the fibre cross-
sectional structure can be seen with the changes of pore size where smaller pores 
were obtained in both of the treated fibres. However, the fibre surface was not 
affected by the DMSO treatment (Figure 4.7 lower). This shows that TPU-D is 
located inside the fibres while PA6 dominantly surrounded the fibres and 
encapsulated the TPU-D. 
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Figure 4.7 SEM images of PA6:TPU-D hybrid fibres after 24 h treatment in DMSO 
in cross-sectional view (upper) and longitudinal view (lower). 
The PA6:TPU-D hybrid fibres and PA6 fibres were also treated in formic acid for 3 
and 24 h at room temperature, to discover the morphology of the fibres when PA6 
was detached from the hybrid fibres (Table 4.3 and Figure 4.8). During the 
treatment, single component PA6 fibres were completely dissolved after 3 hours 
soaked in formic acid. The TPU-D 20 was found disintegrated in both treatment’s 
duration showing that the PA6 which has major composition (80%) in the blend, 
encapsulated the TPU-D, thus the fibres collapsed after the removal of the PA6.  
In TPU-D 50 hybrid fibres, 27% of the PA6 loss was recorded, leaving ~23% remain 
in the fibres. The morphology of the TPU D-50 after removal of PA6 (Figure 4.8) 
was observed to be changed compared to the fibre before treatment (Figure 4.2). 
The unique cross-section of the TPU-D 50 was observed in Figure 4.8, with the fibre 
surface shown ‘uneven-tree-trunk’ effect. The fibres surface is definitely affected by 
the formic acid because of the PA6 is dominant at the fibre surfaces, based on the 
images shown in Figure 4.7. Longer exposure to the formic acid might affect the 
fibre surface where it becomes coarser when treated for 24 h. The pores in the 
fibres, even after 24 h treatment, can still be seen even the changes of the shape 
can be traced. 
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Figure 4.8 SEM images of TPU-D 50 after treated with formic acid for 3 and 24 h 
in cross-sectional view (upper) and longitudinal view (bottom). 
The mass loss obtained in Table 4.3 indicates that both PA6 and TPU-D were not 
fully removed through both treatments. The high composition of the PA6 in the blend 
results the PA6 to encapsulate the TPU-D in TPU-D 20. Two possibilities can be 
assumed to have happened in the TPU-D 50, based on the mass loss of both 
component and the structural changes of the fibre morphology. First, the fibre 
morphology of the TPU-D 50 can be assumed as shown in Figure 4.9 where PA6 
covered the fibre surface while unique shape of TPU-D was formed inside. When 
the fibres were soaked in the formic acid, PA6 at the fibre surface was dissolved 
and revealed the unique shape of TPU-D (Figure 4.9 right) that was not affected by 
formic acid, as also shown in Figure 4.8. Second, significant portion of the PA6 
component might has trapped in the TPU-D component where formic acid cannot 
reach, based on the mass loss shown in Table 4.3. In other study related to TPU, 
the TPU dispersed in the PA6 matrix as sphere (Li et al., 2008; Rashmi et al., 2017) 
and sphericity (Zhang et al., 2005). 
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Figure 4.9: Fibre morphology of TPU-D 50 before and after treatment in formic 
acid. 
4.2.4 Fibre and pore diameters 
Linear density of the fibres obtained was 5.8, 17.0, 16.6 and 12.8 tex for PA6, TPU-
D 20, TPU-D 50 and TPU-D, respectively. However, the structure of PA6:TPU-D 
hybrid fibres consists of multipores in the fibres, therefore fibre cross-sectional area 
(bulk and true, as mentioned in section 3.4.1) and the pores areas were measured. 
The light microscopy images (Figure 4.10) were used and the fibre areas were 
determined in ImageJ software.  
Figure 4.11 presents the mean value for the cross-sectional area (bulk and true) and 
pore area of the as-spun fibres. 
 
Figure 4.10 Micrograph of PA6, TPU-D, TPU-D 20 and TPU-D 50 fibre cross-
section. 
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The cross-section of the hybrid fibres is categorised as non-circular, therefore the 
“circular equivalent diameter” (CED) was measured to represent the fibres diameter. 
The CED was calculated using Eq. 3.1, with 𝑑 is fibre diameter and 𝐴 is fibre cross-
section area (bulk). 
To obtain the fibre diameter, only cross-sectional area (bulk) of the fibres was 
considered. From Figure 4.11 and Figure 4.12, it can be concluded that the fibre 
diameter is corresponded with the fibre bulk area. Larger fibre area represents larger 
fibre diameter. The bulk area of the TPU-D 20 is greater than TPU-D 50 and both 
hybrid fibres bulk area was in between the PA6 and TPU-D. The result reflects the 
fibre diameter showing that the TPU-D 50 produces smaller fibre diameter than 
TPU-D 20 while PA6 has the finest fibre and the TPU-D has the largest fibre 
diameter. The fibre diameters for the as-spun PA6, TPU-D 20, TPU-D 50 and TPU-
D were 114±1.2, 136±3.2, 126±1.5 and 151±6 µm, respectively. Based on Figure 
4.10 (TPU-D) the diameter of TPU-D is irregular along the fibres.  
 
Figure 4.11 Fibre cross-section and pore area of the single component and hybrid 
fibres (bulk and true area). (n=30)  
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Figure 4.12 Fibre diameter of the PA6:TPU-D hybrid fibres and single component 
fibres. 
Figure 4.11 also presents the cross-sectional area (true) and pores mean value of 
the hybrid fibres and TPU-D. The true area of the hybrid fibres, after eliminating the 
pores area, display similarity to the PA6 fibre area. This indicates that the pores 
developed in the hybrid fibres cause the cross section of the fibres expanded and 
influenced the bulk area and the final diameter of the hybrid fibres.  
The diameter of pores developed in the hybrid fibres was calculated using Eq. 3.1 
with 𝑑 is a pore diameter and 𝐴 is a pore cross-section area. The mean value of 
pore in TPU-D 20 and TPU-D 50 was 7.9±7.8 and 6.7±6.2 µm, respectively with the 
pores diameter distribution shown in Figure 4.13. Variable pore size dimension 
developed in both hybrid fibres with most of the pore diameters were below 20 µm. 
TPU-D 20 has maximum pore size of 58 µm and TPU-D 50 biggest pore size is 48 
µm. Size and number of pores can give impact on the properties of the fibre with 
possible application such as sound absorption, insulation, moisture absorption, 
filtration and more.  
The size of the PA6:TPU-D hybrid fibre produced in this study is almost similar with 
the fibre produced by Cui et al., (2018) (Figure 4.14). Cui produced porous fibres 
mimicking polar bear hair using “freeze spinning” technique and show excellent 
properties in thermal insulation. The fibres were produced from silk fibroin/chitosan 
solution by varied freezing temperature. The diameter of the fibres was 200 µm with 
the pore size in the range of 20-85 µm.  
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Figure 4.13 Frequencies of the pore size developed in TPU-20 and TPU-50 fibres 
from 30 specimen for each. (nPA6-50=1046, nPA6-80=1170) 
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Figure 4.14 Porous fibres using freezing spinning method. (Cui et al., 2018) 
4.2.5 Thermal properties 
Two methods were used to study the thermal properties of the PA6:TPU-D hybrid 
fibre; differential scanning calorimetry (DSC) and thermogravinometry analysis 
(TGA).  
The DSC curves of the PA6:TPU-D hybrid fibres with comparison to the pure 
polymers are presented in Figure 4.15 while Table 4.4 shows detail of the melting 
and crystallisation behaviour of the fibres. The melting behaviour of the fibres was 
determined from the second heating scan as the previous thermal history was 
removed during first heating scan.  
 74  
 
Figure 4.15 DSC curve of the fibres in a) heating and b) cooling cycle. 
Both PA6:TPU-D hybrid fibres show single endothermic peak which melted at the 
same temperature, 204°C. In comparison to pure polymers, the melting peak of the 
hybrid fibres are lower than PA6 and higher than TPU-D. The maximum melting 
peak of PA6 shows at 221°C while TPU-D fibres completely melted at 182°C with 
small endothermic peaks appear at 202°C and 220°C. The single endothermic peak 
of the PA6:TPU-D hybrid fibres indicates the existence of extensive interaction 
between these two polymers. The melting point of the hybrid fibres can be possibly 
related to the hydrogen bonding developed in the blend (Genovese and Shanks, 
2001; John and Furukawa, 2009; Zo et al., 2014). The interaction between amide 
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group of PA6 and urethane/urea group in TPU creates partial interaction between 
the polymers thus changes the thermal properties of the hybrid fibres.  
In the PA6 melting curve, a shoulder peak appears at 215 °C, near to the maximum 
melting peak. Several possibilities can be attributed to the existence of the shoulder 
peak; the recrystallisation effects after the first heating cycle (Schick, 2009) or the 
development of two different crystal shape in the PA6 or same kind of crystal 
formation with different thickness (Millot et al., 2015). In PA6, two types of crystal 
form can be expected, α and γ-form, that melt at 222°C and 213°C, respectively 
(Stankowski et al., 2008). Meanwhile, in TPU-D melting curve, two small 
endothermic peaks are observed at 202°C and 220°C. TPU-D is an amorphous 
polymer and contains soft and hard segments where the small peaks are related to 
the disordering crystallinity of the hard segments (Frick and Rochman, 2004). 
 Table 4.4: Thermal properties of as-spun fibres sample. 
Fibre Melting 
temperature 
(°C) 
Melting 
enthalpy 
 (J g-1) 
PA6 
Crystallinity  
(%) 
Crystallisation 
temperature (°C) 
PA6 221 59.6 25.9 188 
TPU-D 20 204 25.9 14.1 153 
TPU-D 50 204 24.1 20.9 148 
TPU-D 182 9.0 - 108 
 
The reduction of PA6:TPU-D hybrid fibre melting temperature is also related to the 
crystallinity of PA6 in the fibres. From Table 4.4, the addition of 20% of TPU-D in 
the hybrid fibres was seen reduced the crystallinity of PA6 to 14%, calculated using 
Eq. 3.7. In the blend of 50:50 PA6:TPU-D, the decreasing of PA6 crystallinity were 
also observed however showing better crystallinity than TPU-D 20. The interaction 
between PA6 and TPU-D altered the PA6 crystallinity significantly in TPU-D 20 
rather than in TPU-D 50. The blending of these two polymers might disorder the 
PA6 crystal form (Zhou et al., 2012) proven in the XRD result and chemical 
properties in section 4.2.6 and 4.2.7, respectively. The decrement of PA6 
crystallinity in the hybrid fibres corresponds to the strength of the fibres as discussed 
in section 4.2.8 (Tensile properties).  
The same trend was observed for crystallisation behaviour of hybrid fibres, which 
also located in between of PA6 and TPU-D fibres (Figure 4.15(b)). The 
crystallisation temperature of TPU-D 20 seems higher than TPU-D 50 by 5°C. Two 
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exothermic peaks of TPU-D shown at 108 and 128 °C corresponding to the soft 
segment of TPU-D (Rashmi et al., 2017). Thermal properties of the hybrid fibres 
after the treatment with DMSO were not markedly affected as shown in Figure 4.16. 
It shows that the residue of TPU-D still exists in the hybrid fibres and influenced the 
thermal properties of the fibres. 
The thermal stability of the hybrid fibres was investigated by TGA and results are 
shown in Figure 4.17. The details of the TGA results are listed in Table 4.5. TPU-D 
fibres start to decompose at 298 °C, earlier than PA6 which starts to degrade at 419 
°C. Thermal stability of the PA6:TPU-D hybrid fibres before and after treatment was 
found located in between of the parent polymers. The TPU-D 50 decomposed earlier 
than TPU-D 20 which attributed to the volume of the TPU-D component in the fibres. 
The increasing of the TPU-D content in the blend decreases the thermal stability of 
the hybrid fibres. The location of the TPU-D which was dispersed in the PA6 matrix 
also delayed the degradation of the TPU-D in the hybrid fibres, which degraded later 
than pure TPU-D fibres. The degradation of TPU-D and hybrid fibres were found in 
two steps which influenced by the incompatible blend between the hard and soft 
segments of TPU-D. 
Thermal stability of the hybrid fibres after the DMSO treatment showed improvement 
for the Tonset compared to the untreated fibres. As showing before, the mixing of 
TPU-D and PA6 was partially miscible thus, after the treatment, TPU-D component 
still presence in the hybrid fibres. However, the amount of TPU-D in the fibres might 
decrease and the degradation of the hybrid fibres begin later than hybrid fibres 
before treatment. From Figure 4.17 (bottom), the curve for hybrid fibres after being 
treated shows one step degradation significantly similar with the PA6 degradation 
even though the temperature is slightly decreased. 
Table 4.5 TGA results for PA6:TPU-D hybrid fibres before and after DMSO 
treatment. 
 
Fibre Untreated DMSO treated Tonset 
(°C) 
T50 
(°C) 
Tmax 
(°C) 
Residue 
(%)  
Tonset 
(°C) 
T50 
(°C) 
Tmax 
(°C) 
Residue 
(%)  
PA6  419 441 465 1.5 - - - - 
TPU-D 20 373 416 462 6.0 409 429 462 -6 
TPU-D 50 345 390 456 2.7 375 406 444 -0.5 
TPU-D  298 351 426 13.7 - - - - 
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Figure 4.16 DSC curve of hybrid fibres before and after treatment with DMSO in a) 
heating and b) cooling cycle. 
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 Figure 4.17 TG (top) and DTG (bottom) curve of hybrid fibres before and after 
treatment. 
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4.2.6 X-ray diffraction  
The X-ray diffraction (XRD) results of the single component fibres and hybrid fibres 
are displayed in Figure 4.18 (top). PA6 fibres show a sharp peak at 21.3° that 
represent the PA6 γ-crystal structure. There are two types of PA6 crystal structures 
that normally observed: α-crystal (α1= 20.1° and α1= 22.6°/23.5°) and γ-crystal 
(21.3°). The moderate spinning process with take-up speed less than 9 km min-1 
tends to produce γ-crystal in a PA6 fibres (S. Murase et al., 1997). The XRD pattern 
for TPU-D fibres shows that the fibres have amorphous nature with broad peak 
appears at 20.6°. The PA6 crystal structure distorted when 20% of TPU-D was 
added where a small proportion of α-crystal can be seen while γ-crystal still 
dominants in the TPU-D 20 hybrid fibres. Meanwhile in TPU-D 50 hybrid fibres, the 
α-crystal structures dominate the fibres with peaks appeared at 20.5° and 22.7° 
represent α1 and α2, respectively. Two new peaks at 14° and 17° appeared on the 
TPU-D 50 hybrid fibres which corresponded to the crystallinity of the hard segment 
of TPU-D component (Liu et al., 2017). The blending of PA6 and TPU-D does affect 
the crystal structure in the fibres especially in TPU-D 50. The various type of crystal 
developed in the TPU-D 50 improved the fibres strength which will be discussed in 
detail in section 4.2.8 (Tensile properties). 
The XRD result of the fibres after the treatment in DMSO is shown in Figure 4.18 
(middle and bottom). TPU-D 20 treated fibres show significant different with the 
untreated fibres. The removal of TPU-D has changed the PA6 crystal structure into 
α-crystal with two peaks appeared at 20.4° and 23.3° correspond to the α1 and α2 
crystal, respectively. In TPU-D 50 hybrid fibres (treated), due to the removal of 
significant amount of TPU-D, the peak at 14° disappeared while peak 17° still 
appeared with low intensity. The peak observed at 17° indicates that the TPU-D 
hard segment crystal stills exist in the hybrid fibres and has not been removed during 
the treatment. The PA6 crystal in the TPU-D 50 treated however show the α1-type 
crystal at 20.2° and γ-type crystal at 21.6°.  
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Figure 4.18 XRD results of (top)-single component fibres and hybrid fibres, 
(middle)-TPU-D 20 and (bottom)-TPU-D 50 hybrid fibres untreated and 
treated with DMSO. 
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4.2.7 Chemical properties 
Figure 4.19 displays ATR-FTIR spectra of the single component fibres and hybrid 
fibres. The PA6 components; N-H (3291 cm-1), C-H (2922 & 2864 cm-1), amide I 
(1633 cm-1) and amide II (1538 cm-1) and TPU-D components; C=O (1698 cm-1) and 
C-O-C (1218 & 1062 cm-1) can be seen clearly in both hybrid fibres spectra. No new 
peak or missing peak was observed. The peaks of all main PA6 and TPU-D 
components were not significantly changed in the hybrid fibres except for TPU-D 
carbonyl component (C=O) as shown in Table 4.6. 
 
Figure 4.19 The FTIR spectra of PA6:TPU-D hybrid fibres and single component 
fibres (normalised at 2866 cm-1). 
The peaks of TPU-D carbonyl group (C=O, 1698 cm-1) were found slightly shifted to 
1705 cm-1 and 1703 cm-1 for TPU-D 20 and TPU-D 50, respectively. This TPU-D 
carbonyl region is associated with the crystalline region of urethane and urea groups 
(Todros et al., 2014) where the carbonyl peak 1698 cm-1 classified in urea groups. 
In this study, the free urea (keto group C=O) of TPU-D has changed to H-bonded 
urethane group (~1702 cm-1) in both of the hybrid fibres, obviously in TPU-D 50, as 
shown in Figure 4.20. Amide group of PA6 and urea group of TPU-D interact with 
each other created hydrogen bonding thus shift the carbonyl peak in the hybrid 
fibres (John and Furukawa, 2009; Rashmi et al., 2017). 
 
 82  
 
Table 4.6 ATR-FTIR wavenumber for PA6, TPU-D and hybrid fibres. 
 
The effect of the blend on the carbonyl region of TPU-D was further analysed based 
on the absorbance intensity of the carbonyl group as shown in Figure 4.20 and Table 
4.7. The hybrid fibres show lower absorbance intensity compared to TPU-D fibres 
which can be related to the amount of TPU-D content in the fibres. TPU-D 50 which 
has more TPU-D contents than TPU-D 20 shows high absorbance in all carbonyl 
phase. The carbonyl region relates to the TPU-D crystallisation region, thus reduced 
the amount of TPU-D, decreased the intensity. The intensity of the carbonyl group 
of the hybrid fibres after the treatment in DMSO was also shown in Figure 4.20. The 
Wavenumber ( cm‐1)
PA6  TPU‐D 20 TPU‐D 50 TPU‐D Assignments 
‐  ‐  ‐  3308  N‐H and O‐H 
3291  3296  3295  ‐  N‐H stretch 
    2948 C‐H stretching 
2922  2919  2930  2921  C‐H stretching 
2863  2865  2859  2866  C‐H stretch 
‐  1705  1703 1698 C=O stretch (free urea carbonyl)
1633  1633  1634  ‐  C=O stretch (amide I band) 
‐  ‐  ‐ 1596 C=C stretching  in benzene  ring(Todros 
et al., 2014) 
1538  1538  1524  1525  N‐H (amide II band) 
1462  1462  1462 ‐ CH2 scissoring 
1375  1376  1370  1376   
‐  1310  1309  1309  Aromatic C‐N vibration 
1261         
‐  1230  1222  1218  C‐O stretch urethane 
1167  1167  ‐ ‐ CO‐NH
1117  1107  1107    C‐C  stretching(John  and  Furukawa, 
2012) 
‐  1068  1066  1061  Asymmetric  C‐O‐C  stretching  in  ether 
group 
973  973  ‐  ‐  CO‐NH 
    814 C_H out of the plane aromatic ring
    770  767  CH2 rocking (polyether) 
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carbonyl peaks in both treated hybrid fibres decreased, obviously seen in TPU-D 
50, showing that significant amount of TPU-D component was removed from the 
fibres. 
 
Figure 4.20 Carbonyl region of the FTIR spectra for TPU-D and hybrid fibres 
(normalised at 2866 cm-1). 
Table 4.7: Carbonyl phase absorbance intensity of the TPU-D and hybrid fibres 
C=O phase Wavenumber 
(cm-1) 
Absorbance Intensity 
TPU-D TPU-D 
50 
TPU-D 
20 
TPU-D 50 
Treated 
TPU-D 20 
Treated 
Free urethane 1729 1.38 0.86  0.33  0.16 0.48 
H-bonded urethane 1702 2.33 1.55  0.48  0.21 0.58 
Free urea 1698 2.46 1.46  0.43  0.18 0.57 
Several studies used ATR-FTIR result in the range of 850 to 1150 cm-1 to investigate 
the crystal type in the fibres (Figure 4.21). The PA6 spectra shows several peaks 
represent the γ-type crystal at 1630, 1169 and 973 cm-1 and α-type at 1202 cm-1. 
 84  
 
Both hybrid fibres show a γ-type crystal at 1630 cm-1, in the untreated and treated 
fibres. In TPU-D 20, small peaks at 1169 and 973 were observed but not in the TPU-
D 50. The TPU-D 50 spectra has more similarity to the TPU-D spectra than PA6. 
However, the removal of TPU-D from the TPU-D 20 shows no significant difference 
conversely with the TPU-D 50. The result is not corresponding well with the XRD 
result (discussed in section 4.2.6), therefore the ATR-FTIR might not give accurate 
information related to polymer crystallinity.  
 
Figure 4.21 FTIR spectra of PA6 crystal form (α and γ-crystal) in the fibres. 
4.2.8 Tensile properties 
The mechanical properties of the hybrid fibres and single component fibres and the 
tenacity vs elongation curves are displayed in Figure 4.22 and Figure 4.23, 
respectively. The blending of PA6 and TPU-D as hybrid fibres shows lower strength 
than PA6 fibres but higher than TPU-D fibres. Several factors affecting the 
mechanical properties of the fibres are the fibre morphology, interfacial surface 
tension and crystallinity of the fibres (Tavanaie et al., 2013).  
The morphology of both hybrid fibres (discussed in the morphology of the as-spun 
fibres, section 4.2.2) produced interconnected multiporous fibres with groove effect 
on the fibre surfaces. The TPU-D 20 that has more pores showed lesser strength 
than TPU-D 50. The pores introduced weak links in between the fibres content thus 
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reduce the mechanical performance of the hybrid fibres. A study by Chiu and 
Chuang (2009) showed that the mechanical properties of the PA6:TPU blend also 
reduced after the blend. Other study by John and Furukawa (2012) on the PA6 fibre 
coated with TPU film showed an improvement on the PA6 fibre strength which the 
TPU delayed the micro-crack formation on the fibre surface. However, in this study, 
the TPU-D was dispersed inside the hybrid fibres thus did not assist on the fibre 
strength. 
 
Figure 4.22 Mechanical properties of PA6, TPU-D and hybrid fibres. (n=10) 
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Figure 4.23 Tenacity vs elongation curve of PA6, TPU-D and hybrid fibres. 
The blending of PA6 and TPU-D is partially miscible which is connected through 
chemical interaction of hydrogen bonding between amide group and urethane/urea 
group of TPU-D. The removal of TPU-D using DMSO treatment proved that the 
TPU-D and PA6 are partially miscible with small amount of TPU-D left in the fibres. 
The interaction between these two polymers is good however, significant number of 
pores developed in the hybrid fibres weaken the fibre structure and reduce the 
mechanical properties. 
The crystallinity of the fibres as mentioned in thermal properties section can also be 
related to the strength of the hybrid fibres. In Table 4.4, it shows that the TPU-D 20 
displays lower PA6 crystallinity than TPU-D 50. Furthermore, various type of crystal 
developed in the TPU-D 50 improved the fibres strength which was discussed in X-
ray diffraction (section 4.2.6). The strength of the fibres depends on the amount of 
the crystallinity in the fibres, the higher the crystallinity in the fibres, the higher the 
strength of the fibres (Eltahir et al., 2016). 
The TPU-D 50 has breaking elongation in between of PA6 and TPU-D while TPU-
D 20 hybrid fibres exhibit the lowest breaking elongation compared to other fibres. 
The morphology of the hybrid fibres which has pores inside the fibre, restricts the 
elongation of the fibres. The breaking elongation also decreases in the hybrid fibre 
due to the hydrogen bonding developed in between the polymers that restrict the 
movement of the molecules (Todros et al., 2014). The Young’s modulus of the hybrid 
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fibres show higher value, showing that the PA6:TPU-D hybrid fibre are stiffer than 
the single component fibres.  
The strength of the TPU-D single component fibres produced at 200°C and 230°C 
(die temperature) is shown in Figure 4.24. The fibres produced at lower temperature 
exhibits better strength and elongation at break which increased 196% and 62%, 
respectively, than the fibres produced at higher temperature. Processing TPU-D at 
high temperature significantly degrades the fibres and affects the strength of TPU-
D fibre. Therefore, the blending of PA6 and TPU-D at 230 °C affects the strength of 
the TPU-D and results to the reduction of the hybrid fibres strength.  
 
 
Figure 4.24 Mechanical properties of the TPU-D fibres produced at different 
processing temperature (200 and 230 °C). 
4.3 Part 2: PA6:TPU-A 
A study on the PA6 blend with TPU polymer was further investigated using TPU-A 
polymer. TPU-A polymer has higher soft segment composition than TPU-D polymer. 
The same method on fibre production was applied on this hybrid fibre. The hybrid 
fibres were also treated with DMSO to investigate the position of both polymers after 
melt extrusion. The study focuses on the morphology of the hybrid fibres. Only one 
blend composition was successfully produced for this blend; which used 80% of PA6 
and 20% of TPU-A (TPU-A 20). 
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4.3.1 Morphology of the fibre 
The morphology of the TPU-A 20 untreated and treated fibres is shown in Figure 
4.26. The untreated TPU-A 20 produced fibres with circular cross-section with the 
fibre surface were not completely the same smooth as PA6 fibres (Figure 4.2). The 
untreated TPU-A 20 hybrid fibres also show the development of pores inside the 
fibres except the pores were not as significantly as the TPU-D 20 and TPU-D 50, as 
discussed previously in Part 1. The formation of TPU-A fibrils can also be seen from 
the SEM images shown in dotted circles in Figure 4.26 (left). The production of fibrils 
in the polymer blend might be due to the elongation forces applied during the 
winding process after the fibre extruded from die. In common practice, the fibrils or 
microfibres production is typically achieved by using bicomponent fibre technique 
(island-in-the-sea) which requires specific equipment.  
The TPU-A 20 hybrid fibres that were treated in DMSO to remove the TPU-A 
component were viewed under SEM (Figure 4.26 (right)). After the treatment, the 
cross-sectional view of the fibres shows that the TPU-A polymer were oriented 
mostly at the centre of the hybrid fibres, encapsulated by the PA6 matrix. This has 
been proved by the treatment, where the fibres did not collapse after the treatment. 
The blending of PA6 and TPU was immiscible but compatible (due to the hydrogen 
bonding) therefore the separation between these two polymers is expected (Chiu 
and Chuang, 2009).  
4.3.2 Thermal properties 
The DSC curves of the TPU-A 20 hybrid fibre before and after treatment are shown 
in Figure 4.25. Since the TPU-A polymer used in this study was dominated by soft 
segment, the melting peak of the TPU-A was hardly seen in the DSC curve. The 
broad peaks appeared at 50-100 °C are related to the desorption of moisture. The 
melting enthalpy of PA6, TPU-A 20 untreated and treated is 56.2 J g-1, 34.8 J g-1 
and 38.0 J g-1, respectively. Using Eq. 3.7, the percentage of PA6 crystallinity in the 
PA6, TPU-A 20 untreated and treated fibres is 30.5%, 18.9% and 20.6%, 
respectively. The PA6 crystal structure decrease after the blending with TPU-A, 
which is similar to the blending of PA6 with TPU-D polymer, discussed previously in 
Part 1. The PA6 crystallinity slightly increased after removal of TPU-A. 
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Figure 4.25 DSC curve of the PA6 and TPU-A 20 hybrid fibres untreated and 
treated. 
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Figure 4.26 SEM images of TPU-A 20 hybrid fibres: (left) untreated and (right) treated in DMSO. 
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4.3.3 Chemical properties 
Figure 4.27 displays ATR-FTIR spectra of the PA6, TPU-A and TPU-A 20 untreated 
and treated. The PA6 components: N-H (3294 cm-1), C-H (2925 & 2861 cm-1), amide 
I (1633 cm-1) and amide II (1538 cm-1) and TPU-A components: C=O (1732 cm-1 and 
1686 cm-1) can be seen in the TPU-A 20 untreated hybrid fibres. There is no new 
peak observed in the TPU-A 20 untreated hybrid fibres. The absorbance frequency 
of the carbonyl group of the hybrid fibres was lower than TPU-A fibres (shown in the 
grey circle in Figure 4.27) which relates to the amount of TPU-A in the blend. The 
absorbency becomes lower for TPU-A 20 treated indicates that a significant 
proportion of TPU-A was removed from the hybrid fibres as a result of the DMSO 
treatment. 
 
Figure 4.27 ATR-FTIR spectra of the PA6, TPU-A and TPU-A 20 untreated and 
treated. 
Two peaks of carbonyl group (C=O) appeared on the TPU-A (1728 cm-1 and 1683 
cm-1) which are obviously different with TPU-D (Figure 4.19) that only has one 
carbonyl peak at 1698 cm-1. There are three possible carbonyl regions reported that 
involved peaks around 1732 cm-1, 1714 cm-1 and 1685 cm-1 (Rashmi et al., 2017). 
Peak around 1732 cm-1 did not involve in the hydrogen bonding, peak at 1714 cm-1 
has poorly ordered intramolecular hydrogen bonding and good at mixing phase and 
peak at 1683 cm-1 develop strong hydrogen bond to amine group and can be effective 
in phase separation.  
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Clear ATR-FTIR spectra of the carbonyl group for the fibres is shown in Figure 4.28. 
The peak of TPU-A at 1728 cm-1 was slightly increased to 1732 cm-1 after the 
blending with PA6 and maintain at peak 1732 cm-1 after the treatment in DMSO. This 
shows that this region were not affected during DMSO treatment. The peak at 1683 
cm-1 of TPU-A was shifted to 1686 cm-1 in TPU-A 20 untreated fibres and disappeared 
after the treatment in DMSO. This might indicate that the region might not have strong 
hydrogen bonding thus easily be removed with other TPU component during DMSO 
treatment.  
Two different scenarios can be seen between TPU-A and TPU-D hybrid with PA6. 
The TPU-A has a carbonyl region at the 1685 cm-1 that are significant in phase 
separation between soft and hard segment. Meanwhile the TPU-D is dominated by 
1703 cm-1 that is described as good at mixing phase (Rashmi et al., 2017). The good 
separation of the TPU-A has produced a clear separation between PA6 and TPU-A 
in the hybrid fibres thus the TPU-A fibrils can be obtained. The TPU-D which has 
great mixing phase mixed well with PA6 thus distributed in the PA6 matrix at the 
same time degraded and developed pores. 
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Figure 4.28 Carbonyl group spectra of: (top) PA6, TPU-A, TPU-A 2- untreated and 
TPU-A 20 treated and (bottom) larger image for the PA6, TPU-A 20 untreated 
and TPU-A 20 treated. 
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4.3.4 Tensile properties 
The tenacity and percentage of elongation of the PA6:TPU-A hybrid fibres untreated 
and treated are shown in Figure 4.29. It can be seen that TPU-A 20 hybrid fibre has 
lower strength than PA6 but higher than TPU-A, similar to the PA6:TPU-D hybrid 
fibres (shown in Figure 4.29). The blending of PA6 and TPU-A is partially immiscible, 
thus the separation of these two polymers in the fibres weakens the strength. The 
elimination of the TPU-A in the fibres reduces the strength even further. The 
morphology of the treated TPU-A 20 shows small pores developed in the centre of 
the fibres. The pores have created gaps between the PA6, resulting to a weaker fibre.  
The percentage of elongation of the TPU-A 20 also shows similarity to the TPU-D 
hybrid fibres. The elongation decreased for the untreated TPU-A 20 and increased 
slightly for the treated TPU-A 20. In the untreated TPU-A 20, the TPU-A which was 
oriented at the centre of the fibre and alternated with PA6, restricted the movement 
of the polymers (Todros et al., 2014). After DMSO treatment, significant amount of 
TPU-A was removed thus increases the elongation at break of the fibres. The 
representative curve of tenacity vs elongation is shown in Figure 4.30. 
 
Figure 4.29 Tenacity and elongation of the PA6, TPU-A and TPU-A 20 untreated 
and treated fibres. 
 95  
 
 
Figure 4.30 Tenacity vs elongation representative curve of PA6, TPU-A and TPU-A 
20 untreated and treated fibres. 
4.4 Conclusions 
The blending of partially miscible polymers between PA6 and TPU into hybrid fibres 
leads to different fibres morphology as can be seen between the blending of PA6 with 
TPU-D and TPU-A. The blending of PA6 and TPU-D produced interconnected multi-
pores fibres while the blending with TPU-A produced fibres with TPU-A fibrils inside. 
TPU polymer is a versatile polymer where the soft and hard segment can be varied 
and costumed to give different characteristic to each type of TPU. TPU-D has harder 
segment ratio than soft segment, while TPU-A is the opposite. Various types of TPU 
grade were used in textile applications thus preliminary study is needed to clarify the 
TPU polymer grade used. Different TPU grade might produce different fibre 
morphology if blending with PA6. 
The thermal analysis shows that PA6 has developed strong interaction with TPU that 
affects the crystallinity and the strength of the hybrid fibres which corresponded with 
the chemical and mechanical analysis. The PA6:TPU-D and PA6:TPUD-A hybrid 
fibres are weaker than PA6 fibres however stronger than TPU fibres that produced 
at the same processing temperature.  
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Manufacturing of hybrid fibre from polyamide 6 and 
polyethylene terephthalate 
5.1 Introduction 
The partially interacting polymer blend has been studied in Chapter 4, further 
investigation was carried out on the non-interacting polymer between PA6 and 
polyethylene terephthalate (PET). Over two-third of textiles fibres are dominated 
by synthetic fibres with polyethylene terephthalate (PET) which was ranked first in 
textile fibre production industry (CIRFS European mand-made fibres association, 
n.d.). Generally known as polyester in textile industry, PET is excellent in durability 
at a lower price. Meanwhile PA6 ranked as 3rd in the textile fibre production 
(Richards, 2005), has superior in strength however, is categorised as one of the 
expensive textile fibres. Both PET and PA6 are thermoplastic polymer that can be 
recycled several times without losing much of their properties.  
The blending of PA6 and PET was found incompatible to each other. Previous 
research reported on the blending of PA6 and PET as fibres or film form (Papero 
et al., 1967; Varma and Dhar, 1987; Fakirov and Evstatiev, 1993). Due to 
immiscible character of both polymers, recent research focused on blending the 
polymers with compatibiliser, to enhance the interaction of PA6 and PET, mostly 
in injection and compressed mould (Iyer and Schiraldi, 2006; Qu et al., 2007). 
However, the usage of compatibiliser involved extra cost which is not favour for 
mass production.  
The blending of PA6 with 10-50% of PET without compatibiliser shows the ‘island-
in-the-sea bi-constituent’ effect on the fibre blend morphology with PA6 as the ‘sea’ 
and PET as the ‘island’. The elongation force during fibres production produced 
the rod-likes/fibrils shape of the dispersed PET. Coarser and irregular PET fibril 
surface was found by Varma and Dhar (1987) after removing the matrix PA6 from 
the fibres.  
The production of PA6 blend with PET as fibres was studied before, however, little 
mentioned on the PA6 and PET blend fibres when PET as a major component in 
the blend. The objective of this work was to investigate the morphology, thermal 
and mechanical properties of the PA6:PET blend especially when PET is a major 
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component in the blend. The PA6:PET fibres with several blend compositions were 
produced in this chapter. 
5.2 Viscosity and fibre production  
Figure 5.1 shows the apparent viscosity of PA6 and PET measured at 270 °C, 
corresponded with the processing temperature of the melt extruder (die 
temperature) during fibre production. The PA6 was found more viscous than PET 
at 270 °C. 
 
Figure 5.1 Viscosity of PA6 and PET at 270 °C. 
To measure the viscosity ratio of the blend, the shear rate during fibre production 
was calculated using Eq. 2.3 with the screw speed used was 60 rpm, the screw 
diameter 10 mm and the overflight gap is 0.1 mm. The viscosity ratio calculated 
using Eq. 2.2 and the estimated shear rate were shown in Table 5.1. Based on the 
viscosity ratio of the PA6 and PET blend that is bigger than 1, coarser 
droplets/fibrils might be expected when PA6 dispersed in the PET matrix. 
Table 5.1 Shear rate and viscosity of PA6 and PET polymer. 
Screw speed 
(rpm) 
Shear rate 
 (s-1) 
PA6  
Viscosity, 𝜂௉஺଺ (Pa.s) 
PET Viscosity, 
𝜂௉ா் (Pa.s) 
Viscosity 
ratio 
(𝜂௉஺଺/𝜂௉ா்) 
60 314 580 160 3.6 
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The production of PA6:PET hybrid fibres was produced using the method and 
processing parameter described in section 3.2.2 (Melt extrusion) with the highest 
temperature processing of 260 °C due to the high melting temperature of PET. 
PA6:PET hybrid fibres from several blend compositions were successfully 
produced: 80:20 (PET-20), 70:30 (PET-30), 60:40 (PET-40), 50:50 (PET-50), 
40:60 (PET-60), 30:70 (PET-70) and 20:80 (PET-80) of PA6:PET. Single 
component fibres of PA6 and PET were also produced using the same processing 
parameter as a reference fibre.  
5.3 Polymer extraction  
The PA6:PET hybrid fibres were treated in two solvents, formic acid and sodium 
hydroxide (NaOH), where former was used to remove PA6 while the latter was to 
remove PET component from the fibres. The treatment was conducted to confirm 
the location of each constituent polymer and to investigate the shape of the 
dispersed polymer.  
First, the hybrid fibres were immersed in formic acid for 24 h at room temperature 
and the mass loss was recorded (Table 5.2). PET-20, PET-30 and PET-40 were 
found disintegrated in the solvent concluded that the PA6 was a matrix and 
encapsulated the PET in that particular blend composition. For PET-50, PET-60, 
PET 70 and PET-80, the hybrid fibres remain in the solid fibre form, showed that 
PET surrounded the hybrid fibres and was not significantly affected by the formic 
acid. The mass loss recorded shows that total mass of the fibres reduces after the 
treatment indicated small amount of PA6 was remove during the treatment 
however not alter the morphology of the fibres.  
Next, a treatment to remove the PET from the hybrid fibres was conducted. Several 
attempts to remove PET using acetone, DMSO and toluene were found 
unsuccessful. Then, the treatment in boiling NaOH with 5, 50, 70 and 90% 
concentration was piloted. Only PET-50 hybrid fibres were treated to find suitable 
NaOH concentration to remove PET. From the preliminary test, the PET-50 hybrid 
fibres were found not being dissolved in all concentration except for 90% 
concentration (4 h treatment) which then were used to treat other PA6:PET hybrid 
fibres. Polyester is a strong polymer with high melting temperature thus encounters 
difficulty to remove the polymer. Moreover, several solutions such as m-creasol 
are not suitable to be used as it can dissolve both PA6 and PET polymers.  
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Based on the result from formic acid treatment, the removal of PET in boiling NaOH 
(100% concentration) for 4 h was focused only on PET-50, PET-60, PET-70 and 
PET 80 which has the PET as a matrix phase. In the NaOH treatment, hybrid fibre 
which has 50% and more of PET content disintegrated, indicated that the PET 
acted as a matrix while PA6 dispersed in the fibres. In both treatment, the total 
mass loss is beyond the expectation based on the blend composition ratio set for 
each hybrid fibres (Table 5.2). After the treatment, the fibres were found 
disintegrated and destroyed thus significant amount of component might escaped 
during washing process. 
Table 5.2 Fibres mass loss in formic acid and NaOH treatment. 
 Formic acid treatment NaOH treatment 
Fibre PA6 mass 
loss (%)  
Fibre condition PET mass loss 
(%) 
Fibre condition 
PET-20 97 Disintegrated - - 
PET-30 81 Disintegrated - - 
PET-40 68 Disintegrated - - 
PET-50 42 Solid 89 Disintegrated 
PET-60 41 Solid 98 Disintegrated 
PET-70 28 Solid 100 Disintegrated 
PET-80 23 Solid 98 Disintegrated 
5.4 Fibre morphology 
The cross-section views of the PA6:PET hybrid fibres before treatment under light 
microscope were shown in Figure 5.2. The morphology of the hybrid fibres was in 
a round shape, similar to the single component fibres: PA6 and PET. 
The images of the fibre surface of the PET-50 and PET-60 hybrid fibres before 
treatment, viewed under SEM was found unsmooth as shown in Figure 5.3, unlike 
single component PA6 fibre (Figure 4.2). Compared to the PA6:TPU-D hybrid 
fibres, the PA6:PET hybrid fibres produced uneven and coarser fibre surface. The 
non-interacting of both polymers can cause dispersion of the PA6 component 
along the fibre axis non-uniform (Kitao et al., 1973). 
The morphology of the PA6:PET hybrid fibres was summarised as illustrated in 
Figure 5.4. Structure I shows fibres with PA6 encapsulated the PET component 
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while structure II has the PA6 dispersed in the hybrid fibres. Further discussion 
might only cover structure II as properties on Structure I has been discussed in 
previous studies (Papero et al., 1967; Savov et al., 1984; Varma and Dhar, 1987; 
Fakirov and Evstatiev, 1993). 
 
Figure 5.2 Cross section view of the PA6:PET hybrid fibres (taken using Leica 
Microscope). 
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Figure 5.3 SEM images on PET-50 and PET-60 hybrid fibres before treatment. 
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Figure 5.4 Morphology of PA6:PET hybrid fibres. 
The morphology of the PA6:PET hybrid fibres in Structure II was found to be a 
matrix-fibril with PET as a matrix and PA6 as a dispersed phase. The removal of 
PET in NaOH solution reveals the PA6 component dispersed as fibrils as shown 
in Figure 5.5. The PA6 was found dispersed as fibrils in PET-50, PET-60 and PET-
80. However, the residue from the PET-70 was unable to collect thus the dispersed 
nature of PA6 in PET-70 was not identified. 
         
 
Figure 5.5 SEM images of PA6:PET hybrid fibres after PET etched in NaOH.  
The fibre morphology obtained in this study was corresponded with the Jordhamo 
model, calculated using Eq. 2.1, except for PET-30 and PET-40 (Table 5.3). The 
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viscosity and weight ratio of both components can be used to predict the final 
morphology of the hybrid fibres. 
Table 5.3 The morphology of fibres based on Jordhamo model. 
 
Other studies show that at blend composition of 50:50 (PA6:PET), PA6 becomes 
a matrix and PET becomes a dispersed phase in form of fibrils (Kitao et al., 1973; 
Fakirov and Evstatiev, 1993) and sphere shape (Varma and Dhar, 1987). When 
the molecular weight of PET is higher than PA6, it shows that the PET is more 
viscous than PA6. In the mixing of two different polymers, the less viscosity 
polymer tends to encapsulate the higher viscous polymer (Ayad et al., 2016). 
Accordingly, the viscosity of the PA6 is higher than PET in this study (Figure 5.1), 
resulting to the PET become a matrix in the PA6:PET 50:50 composition. Phase 
inversion of the PA6 and PET take place in between of PET-40 and PET-50. 
5.5 Fibre diameters 
Diameter of PA6:PET hybrid fibres (as-spun) was measured using ImageJ 
software and presented in Figure 5.6. The graph shows no specific trend of the 
fibre diameter to the content of PA6 or PET in the fibres. Mean diameter of the as-
spun fibres was in a range of 103 to 128 µm. The diameter of the PA6 fibrils was 
also measured in ImageJ software and the results are shown in Figure 5.7. It was 
found that the size of the PA6 fibrils in the blend decreased in corresponding with 
the reducing of the PA6 content in the fibres. The diameter of the PA6 fibrils was 
also found in nano/microfibres size with the mean value in PET-60 and PET-80 
showing almost the same, 535 nm (SD=233) and 532 nm (SD=160) respectively. 
Fibres PA6*  PET*  𝜂௉஺଺ 𝜂௉௉ Jordhamo value 
Expected 
morphology 
Obtained 
morphology 
PET-20 80 20  
 
580 
 
 
160 
0.9 PA6 as matrix PA6 as matrix 
PET-30 70 30 1.6 PET as matrix PA6 as matrix 
PET-40 60 40 2.4 PET as matrix PA6 as matrix 
PET-50 50 50 3.6 PET as matrix PET as matrix 
PET-60 40 60 5.4 PET as matrix PET as matrix 
PET-70 30 70 8.5 PET as matrix PET as matrix 
PET-80 20 80 14.5 PET as matrix PET as matrix 
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The PET-50 produced larger fibrils diameter with a mean value of 1026 nm 
(SD=434). 
 
Figure 5.6 PA6:PET hybrid fibres diameter. 
 
Figure 5.7 Diameter of PA6 fibrils. 
Without compatibiliser, the fibril diameter either is coarser or the fibrils were hardly 
developed (Jayanarayanan et al., 2011). The high content of PA6 in PET-50 
compared to PET-60 and PET-80 resulted to the coalescence of disperse phase 
and formed coarser fibrils. A study on the blend of polypropylene (PP) and 
polybutylenes terephthalate (PBT) with aided of compatibiliser produced PBT fibrils 
in between 264-389 nm (Tavanaie et al., 2013).  
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5.6 Thermal properties 
Thermal properties of the single component fibres PA6 and PET and PA6:PET 
hybrid fibres (untreated and treated) for heating and cooling cycle was presented 
in Figure 5.8, Figure 5.9 and Figure 5.10, respectively with details in Table 5.4. 
Since both polymers are immiscible and incompatible to each other, two separated 
peaks were observed in the DSC curves, as both PA6 and PET are semi-crystalline 
polymer. In Figure 5.9 and Figure 5.10, the first peak belongs to PA6 which has 
lower melting temperature than PET that represented by the second peak.  
The maximum melting peak for PA6 in hybrid fibres remains the same as PA6 
fibres which melted at 220 °C. Different blend composition of PA6 content in the 
hybrid fibres did not affect the melting properties of the PA6. The endothermic peak 
of PET increased 1-2 °C than PET fibres, it might be due to the changes in the 
PET crystal after the first heating cycle. The consistency of melting and 
crystallisation temperature of both polymers in the hybrid fibres suggests that the 
polymers crystallise independently and do not significantly interfere with each 
other. Other studies found that the blending of PA6 and recycled PET shifted the 
melting temperature to lower temperature and crystallise at higher temperature 
(Kegel et al., 2003). 
 
Figure 5.8 DSC curve of PA6 and PET single component fibre (cooling and 
second heating cycle). 
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The DSC curves for the treated hybrid fibres show only PA6 peak, indicate the fully 
removal of PET from the hybrid fibres (Figure 5.9 and Figure 5.10). The non-
interacting behaviour of PA6 and PET created phase separation in the internal 
surface thus aided in removing the PET component from the hybrid fibre. The 
melting temperature of the residue PA6 was found in the range of 219 to 221 °C.  
The melting enthalpy was measured and the crystallinity of both polymers were 
reported in Table 5.4. PA6 crystal slightly decreased in the PET-50 and PET-60 
hybrid fibres compared to PA6 fibres but increased in PET-80. The PET crystal in 
the hybrid fibres decreased 7-10 % than PET fibres. After the removal of PET, the 
PA6 residue/fibrils show reduction in percentage of crystallinity except for PET-60.  
5.7 Tensile properties 
Tenacity, elongation and initial Young’s modulus of PA6:PET hybrid fibres are 
presented in Figure 5.11. The mechanical properties of the PA6:PET after 
treatment were not conducted since the amount of PA6 residue collected after the 
treatment was not significant for strength test. From Figure 5.11(tenacity), the 
optimum strength of the hybrid fibres was obtained in PET-20 fibres, while PET-30 
has the strength almost equal to PA6 fibres. The tenacity of the hybrid fibres 
gradually decreased with the reduction of PA6 content in the fibres while elongation 
at break and initial Young’s modulus increased. The reduction of the hybrid fibres 
strength relates to the morphology of the blend. Two different fibres morphologies 
were obtained from PA6:PET hybrid fibres; Structure I and Structure II as 
mentioned in section 5.4 (Fibre morphology). 
PET-20 and PET-30 hybrid fibres which have great fibre strength were categorised 
in Structure I, where the PA6 is a matrix and encapsulated the PET. Based on DSC 
curve (Figure 5.10 cooling), the PET crystal solidify in a temperature range of 212-
217 °C, earlier than PA6 that crystallite at 188 °C. When the PET solidified, the 
PA6 matrix will have limited movement during cooling and improve the interfacial 
adhesion of PA6 and PET inter-surfaces. The increasing of PA6 content in the 
fibres improved the strength of the fibres. Other studies reported that at 70-80% of 
PA6 in the blend, the strength of the fibres increased which is higher than pure 
PA6 and PET fibres (Papero et al., 1967; Varma and Dhar, 1988). In that blend, 
obviously PA6 becomes a matrix hence created good physical bonding between 
PA6 and PET interfacial surface and improved the mechanical properties of the 
blend fibres. 
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Figure 5.9 DSC second heating curves of PA6:PET hybrid fibres (untreated and 
treated). 
 
 
Figure 5.10 DSC cooling curves of PA6:PET hybrid fibres (untreated and 
treated). 
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Table 5.4 DSC results on PA6:PET hybrid fibres. 
 
 
 
 
 
 
 
 
 
 
Fibre 
Second heating Cooling Melting enthalpy Crystallinity 
Tm PA6 (°C) Tm PET (°C) Tc PA6 (°C) Tc PET (°C) Δ𝐻௉஺଺ (J g-1) Δ𝐻௉ா்  (J g-1) X PA6 (%) X PET (%) 
PA6 220 - 188 - 63.5 - 27.6 - 
PET-50 220 252 189 212 28.9 18.0 25.1 25.7 
PET-60 220 253 188 217 23.7 22.9 25.7 27.2 
PET-80 220 252 188 214 18.5 27.5 40.1 24.6 
PET - 251 - 214 - 48.4 - 34.6 
PET-50 
treated 
220 - 188 - 65.5 - 28.5 - 
PET-60 
treated 
221 - 189 - 33.8 - 14.7 - 
PET-80 
treated 
219 - 190 - 64.3 - 27.9 - 
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Figure 5.11 Mechanical properties of PA6:PET hybrid fibres; tenacity (top), 
elongation (middle) and Young modulus (bottom).
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Figure 5.12 Tenacity vs elongation at break of PA6:PET hybrid fibres. 
Conversely happen in Structure II where the PET becomes a matrix and 
encapsulates the PA6 that dispersed as fibrils. When the PET matrix hardened, the 
PA6 inside which solidify later, has potential to shrink during cooling phase thus 
created gaps between PA6 and PET surfaces. The gaps that created have lessen 
the ability of the fibres to encounter the stress applied.  
The elongation of the hybrid fibres is also influenced by the position of the polymers 
in the blend. The hybrid fibres with Structure I elongated less than Structure II due 
to the interfacial bonding between PA6 and PET surfaces. The bonding restricts the 
movement of both polymer thus reduce the elongation ability of the fibres. Fibre in 
Structure II has gap between the surface makes both components move easily and 
increased the elongation rate of the fibres. The elongation of the hybrid fibres was 
observed located in between of the single component fibres with PET have better 
elongation rate than PA6. The mechanical behaviour of the Structure I and Structure 
II hybrid fibres was almost similar to PA6 and PET, respectively (Figure 5.12), 
preference to the polymer dominated the outer surface of the fibres. 
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5.8 Conclusions 
This chapter demonstrated the blending of two non-interacting polymers: PA6 and 
PET into hybrid fibres via single step melt extrusion. The PA6:PET hybrid fibres with 
different blend composition successfully produced with two fibres morphology 
structures were obtained; Structure I and Structure II. Structure I has a PA6 as a 
matrix and PET as a dispersed phase while Structure II has PET matrix and PA6 
dispersed in fibril form. The removal of PET from structure II fibres reveals the PA6 
nanofibres size in the range of 532 nm to 1026 nm developed in the hybrid fibres. 
The optimum strength of the hybrid fibres was found in PET-20 and PET-30 and the 
strength reduced with the reduction of PA6 component in the fibres. The thermal 
properties of the hybrid fibres have not been significantly changed, due to the non-
interacting behaviour of both components. The blending of two incompatible 
polymers in a conventional melt spinning with PET content higher than PA6 benefits 
in the production of nano/microfibers after removal of PET matrix. 
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The effect of non-interacting blend between polyamide 6 
and polypropylene polymer  
6.1 Introduction 
Blending of two non-interacting or immiscible polymer, polyamide 6 (PA6) and 
polypropylene (PP) extruded into fibres has been reported by several researchers 
however, limited to the PA6 as a minority component in the blend. Previous study 
on PA6 and PP blending also happened with the support of compatibiliser and 
involved several steps to prepare the blend (Liang et al., 1983; Afshari et al., 2001; 
Afshari et al., 2005; Hajiraissi et al., 2017). This chapter investigated the effect of 
blending PA6 and PP extruded into hybrid fibres using a single-step twin-screw melt 
spinning with PA6 as a majority component in the blend. No compatibiliser was used 
in this study. Five different PA6:PP blend compositions were produced; 80:20 (PP-
20), 70:30 (PP-30), 65:35 (PP-35), 60:40 (PP-40) and 50:50 (PP-50), called as as-
spun untreated fibres, along with a single component fibres, 100% PA6 (PA6) and 
100% PP (PP) to be as references. However, fibres with 70:30 PA6:PP were not 
successfully produced in this study due to the unstable viscosity at the polymer 
blend during extrusion, therefore will not be discussed. The hybrid fibres were then 
treated with toluene to remove PP component from the fibres which later called as 
as-spun treated fibres. The effects of drawing process on the fibres were also 
studied. The as-spun untreated hybrid fibres were stretched at 2.5 draw ratio and 
treated with toluene to remove PP component which is after this were called as 
drawn untreated and drawn treated fibres, respectively. The properties of the fibres 
were investigated via microscopy techniques, DSC, TGA, ATR-FTIR and 
mechanical strength test.  
6.2 Viscosity of the polymers 
As mentioned in section 2.5.1, the viscosity of the polymers plays an important role 
in the blending of immiscible polymers. Figure 6.1 presents the viscosity of PA6 and 
PP pellets measured at 230 °C, the same temperature used during PA6:PP hybrid 
fibres extrusion. The graph shows that both polymers exhibit non-newtonian liquid 
behaviour with shear thinning effect that the viscosity decreased when the shear 
rate increased. PA6 polymer is more viscous than PP at 230 °C. The viscosity of the 
polymers contribute to the end morphology of the hybrid fibres to be explained 
further in section 6.3 (Fibre morphology). 
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Figure 6.1 Shear viscosity of PA6 and PP pellets at 230 °C. 
6.3 Fibre morphology 
Figure 6.2 shows the cross-section and longitudinal view of PA6:PP hybrid fibres 
as-spun untreated and treated fibres. The PP-20 untreated fibres show the 
development of circular shape cross-section (Figure 6.2 a0). For PP-35 untreated 
fibres, the hybrid fibres appear slightly oval and crack developed in the middle of the 
fibres (Figure 6.2 b0). Meanwhile for PP-40 and PP-50, the hybrid fibres developed 
in round shape with dispersed phase appeared in the fibres (Figure 6.2 c0 & d0).  
The removal of PP component from the hybrid fibres reveals the position of both 
polymers in the fibres as shown in (Figure 6.2 a1- d2). Based on the observation of 
treated fibres morphology, the structure of PA6:PP hybrid fibres can be divided into 
three structure groups. Structure I denotes the PP-20, Structure II signifies PP-35 
and Structure III represents PP-40 and PP-50 as illustrated in Figure 6.3.  
In Structure I, the morphology of the hybrid fibres was found to be a matrix-dispersed 
phase with PA6 as a matrix and PP as a disperse phase. The structure of treated 
PP-20, which remained solid and round fibre shape after treatment (Figure 6.2 a1 & 
a2), confirms that PA6 encapsulated the PP in the fibres. In Structure II, PP-35 
treated fibre, the PA6 structure was observed in two forms, solid and fibril form. 
Significant area of the PP-35 fibres was maintaining the PA6 as a matrix and PP as 
dispersed phase however the small part of the fibres shows the PA6 become fibril 
in the PP matrix. This indicated that a phase inversion between PA6 and PP 
happened in the blend, but not inverted completely (Figure 6.2 b1 & b2).  
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Figure 6.2 SEM images of PA6:PP hybrid fibres before and after treated (cross-section and longitudinal view). 
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Figure 6.3 Illustration of PA6:PP hybrid fibre structure in different weight 
compositions. 
In contrast, Structure III demonstrates the morphology of matrix-fibril phase with PP 
as a matrix and PA6 as fibrils. The treated PP-40 (Figure 6.2 c1 & c2) and treated 
PP-50 fibres (Figure 6.2 d1 & d2) exposed the PA6 in fibrils shape after the removal 
of PP component.  
Mass loss of PP was measured by recording the weight of the fibres before and after 
treatment, reported in Table 6.1. The mass loss of PP in PP-20 and PP-35 hybrid 
fibres were 0 and 0.1% respectively, indicating that PP was not removed during the 
treatment and remained in the hybrid fibres. Meanwhile, the mass loss of PP in PP-
40 and PP-50 could be seen equivalent to the weight composition of the PP in the 
fibres, stipulated complete removal of PP component.  
Table 6.1 Mass loss of PP component after treated with toluene. 
Fibre PP mass loss 
(%) 
Fibre 
morphology 
PP-20 0.0 Solid 
PP-35 0.1 Solid/fibril 
PP-40 40.0 Fibril 
PP-50 50.0 Fibril 
 
The morphology of the hybrid fibres is affected by the polymer used, blend 
composition and viscosity ratio of the blend. The immiscibility and incompatibility 
between PA6 and PP result to high interfacial tension on both surface area and 
create phase separation as can be seen in Figure 6.4 shown in the circle. 
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Figure 6.4 SEM image of PP-50 showing phase separation between PA6 fibril and 
PP matrix. 
The composition of the polymers can be used to predict the flow behaviour of the 
blend polymer. Generally, major component in the blend will become a matrix while 
the minority will disperse in the blend. In this study, PA6 was set as a major 
component (50-80%) to fully utilise the PA6 component in the blend. A study by 
Takahashi produced PA6 as a matrix and encapsulate the minority component of 
PP (Takahashi et al., 1996a). However, the result obtained in this study shows that 
even though PA6 is a majority in the blend, it dispersed in PP-40 and PP-50. Other 
studies reported that PP became a matrix phase and PA6 as a dispersed phase 
when PA6 is 6-50 % weight composition (Liang et al., 1983; Ďurčová et al., 1992; 
Liao et al., 2015; Hajiraissi et al., 2017). The PA6 dispersed in the PP-40 and PP-
50 in this study can be related to the viscosity of PP and PA6 in the blend. 
Table 6.2 reports the predicted morphology of the hybrid fibres using Jordhamo 
model and viscosity ratio, determined using Eq. 2.1 and Eq. 2.2, respectively. Based 
on Jordhamo value, it was expected to have PP as a matrix in PP-40 and PP-50. 
The viscosity of both polymers during melt extrusion is predicted by measuring the 
shear rate happened during melt processing. The shear rate during melt extrusion 
is 314 s-1 calculated by Eq. 2.3. From the graph shown in Figure 6.1, at 314 s-1 shear 
rate, the viscosity of PA6 and PP is 1000 Pa.s and 150 Pa.s, respectively. The 
Jordhamo value obtained shows the value for PP-40 and PP-50 is 4.4 and 6.6, 
respectively. The value is greater than 1, makes PP become a matrix in the blend. 
Moreover, the PA6 is more viscous than PP makes the PP flow easily than PA6. 
Esma et al. (2016) shows that less viscous PP tend to encapsulate high viscous 
PA6 in the side-by-side bicomponent fibres (Ayad et al., 2016). 
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Table 6.2 Viscosity ratio of PA6 and PP and expected morphology for the hybrid 
fibres. 
  *weight of polymer (%) 
The Jordhamo value for PP-35 is 3.6, which is greater than 1 and the PP is predicted 
to be a matrix in the blend. However, the morphology shows that at PP-35, PA6 
became a matrix and in certain area disperses as fibrils. This phenomena is called 
phase inversion which normally happed when the ratio of the polymers is the same 
(Afshari et al., 2001; Liao et al., 2015). The phase inversion of PA6 and PP blend in 
other studies shows the co-continuous morphology of the blend with no trace of 
matrix or dispersed phase in the blend. There is no research has been done to show 
the phase inversion happens in the extruded fibres. Afshari et al. (2001) found the 
co-continuous might happen when PA6 is 50% in the polyblend however could not 
be spun into hybrid fibres. In this study, the PP-35 shows unstable fibre production 
with uneven fibre diameters developed along the line. The increased of PA6 content 
in the blend affects the flow movement of both polymers which determines the 
position in the blend. This can be seen in PP-20 where the PA6 becomes a matrix 
even though the Jordhamo value is still more than 1. 
6.4 Fibres diameters  
Figure 6.5 and Figure 6.6 present diameters for as-spun and drawn fibre for 
untreated and treated, respectively. The micrographs of the fibres taken using light 
microscope are shown in Figure 6.7. The PA6 developed in PP-35, PP-40 and PP-
50 are called microfibres based on the fibrils size obtained. 
 
 
 
 
Fibres PA6*  PP*  𝜂௉஺଺  𝜂௉௉ Jordhamo value 
Expected 
morphology 
Obtained 
morphology 
PP-20 80 20  
1000
 
150 
1.7 PP as matrix PA6 as matrix 
PP-35 65 35 3.6 PP as matrix Semi co-continuous 
PP-40 60 40 4.4 PP as matrix PP as matrix 
PP-50 50 50 6.6 PP as matrix PP as matrix 
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Figure 6.5 Diameter of as-spun and drawn PA6:PP hybrid fibres (untreated). 
 
Figure 6.6 Diameter of as-spun and drawn PA6 microfibres (treated). 
Diameter of the as-spun hybrid fibres shows no specific trend with the increasing of 
PA6 content in the fibre. The as-spun PP-40 produced highest fibre diameter than 
other fibres. Inconsistence fibres diameter were traced for PP-35 and PP-50 
showing high variance in the sample. In Figure 6.7, it can be seen that the PP-35 
shows uneven fibres diameter with some cracks appear from the cross-section view. 
The beads also appear on the fibres surface during fibre production. Compared to 
the diameter of single component fibre, hybrid fibres show almost similar diameter 
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with PP fibres and larger than PA6. Diameter of the as-spun hybrid fibres decreased 
27-43% after drawing.  
 
Figure 6.7 Microscopy images of as-spun PA6:PP hybrid fibre. 
The mean diameters of as-spun PA6 microfibres obtained from PP-35, PP-40 and 
PP-50 are in the range of 1.4~2.0 µm as shown in Figure 6.6. The diameter of the 
microfibres in this study is almost the same with fibrils diameter obtained by Hajiraisi 
(2017). Interestingly, Hajiraisi obtained the fibrils when the PA6 is 20% in the blend 
that aided by compatibiliser. The possibility to get PA6 fibrils is high when the PA6 
is a minority component in the blend. Additionally, with the help of compatibiliser, 
finer fibrils can be obtained. In our study, no compatibiliser was used and the PA6 
composition is high (50-60%) in the blend, however finer microfibres would be able 
to produce. The microfibres produced in this study have almost similar diameter with 
the fibres reported by from electrospinning (H. Zhang et al., 2015) and fibre drawn 
by carbon dioxide laser supersonic (Hasegawa and Mikuni, 2014). 
When the PA6 content was increased, the diameter of the as-spun microfibres was 
found decreased. However, there was no statistically significant different of the as-
spun PA6 microfibres diameter related to the amount of PA6 content in the fibre. 
PP-50, which has the largest as-spun microfibres diameter, shows the lowest after 
drawing. In PP-35, the structure of the fibres which having unique fibre morphology, 
might affect the diameter of the microfibres. In this study, the diameters of the PA6 
microfibres were not affected by the content of PA6 in the fibres. Other researchers 
reported that the morphology of PA6, either in droplet or fibrils will become coarser 
by the increased of PA6 content (Potente et al., 2000; Afshari et al., 2001; Liao et 
 120  
 
al., 2015). Rationally, adding PA6 content in the blend improved the coalescence of 
small droplet to form bigger droplet. However, the increment of 10% of PA6 (from 
PP-50 to PP-40) might not show much different in the development of microfibres 
diameter in the blend. The diameter of the microfibres decreased to 0.8~1.1 µm, 
with further 30-60% reduction upon drawing. One-way ANOVA shows that after 
drawing, there was significant difference on the microfibres diameter F(2,147)=1.69, 
p=0.000.  
The reduction in diameter between fibres and microfibres after drawing was not 
parallel (Table 6.3). This is due to the high interfacial tension on the surface area of 
PA6 and PP. The gap between PA6 microfibres and PP matrix, makes the 
microfibres isolated and did not have parallel movement with PP matrix when the 
elongation force applied. Therefore, the reduction in microfibres diameter was not 
the same as hybrid fibres diameter. The microfibres diameter distribution is shown 
in Figure 6.8. It can be seen that the diameter of the microfibres were well distributed 
after drawing. 
Table 6.3 Percentage of fibres diameter reduction after drawing. 
Fibres Fibres diameter reduction 
from as-spun to drawn (%) 
Microfibres diameter from as-
spun to drawn (%) 
PP-35 27 31 
PP-40 50 35 
PP-50 43 61 
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Figure 6.8 Microfibres diameter distribution of PA6 microfibres (as-spun and drawn 
fibres). (n=50) 
6.5 Thermal properties 
Figure 6.9 and Figure 6.10 show the DSC curves of as-spun hybrid fibres (untreated 
and treated) at the second heating cycle and cooling cycle, respectively, with the 
details provided in Table 6.4 and Table 6.5. The maximum melting temperature of 
PA6 is 221 °C with melting enthalpy of 58.4 J g-1 while PP melting peak appears at 
160 °C with melting enthalpy of 102.8 J g-1. 
The as-spun hybrid fibres before treatment show two endothermic peaks which both 
represent the peak of PA6 and PP (Figure 6.9 As-spun). The presence of two peaks 
PP-50 drawn
PP-40 as-spun
PP-35 as-spun
PP-40 drawn
PP-50 as-spun
Mean = 0.76 µm
SD = 0.23 
Mean = 1.13 µm
SD = 0.34 
Mean = 1.95 µm
SD = 1.02
Mean = 1.74 µm
SD = 1.08
Mean = 1.36 µm
SD = 0.86
PP-35 drawn
Mean = 0.94 µm
SD = 0.34 
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indicate the immiscibility of both polymers in the blend. The melting temperature of 
PA6 in the hybrid fibres was similar with the pure PA6 fibres which completely 
melted at 221 °C. Near to the PA6 maximum melting temperature, a shoulder peak 
was appeared at 215 °C. The PA6 crystal morphology was altered after the first 
heating cycle thus the shoulder indicated energy needed to melt different types of 
crystal (Schick, 2009; Millot et al., 2015). A melting temperature of PP is shifted from 
1 to 3 °C higher than PP fibres. Only PP-20 shows the melting temperature was 
remain the same as pure PP fibres.  
Figure 6.10 (As-spun) shows the DSC curve during cooling cycle with PA6 
crystallise at 188 °C and PP crystallise later at 113 °C. The cooling curve of hybrid 
fibres also showing two exothermic peaks indicate the separation of PA6 and PP. 
The crystallisation temperature (Tc) of PA6 in the hybrid fibres is almost similar with 
PA6 fibres. However for PP, the Tc can be seen increased consistence with the 
addition of the PA6 content in the hybrid fibre. This can be related to the solidification 
of both PA6 and PP crystal during cooling. The PA6 solidified at 188 °C, earlier than 
PP, hardened without any disturbance as the PP still remained in the molten state. 
However, when the PP started to set, the solidified PA6 crystal enhanced the 
nucleation rate of PP thus changed the PP crystallisation temperature (Jaziri et al., 
2008). 
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Figure 6.9 DSC curves on second heating cycle of PA6:PP hybrid fibres (as-spun 
and treated fibre). 
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Both PA6 and PP are semi-crystalline polymers with pure crystalline enthalpy fusion 
of 230.1 J g-1 and 209.2 J g-1, respectively (Sichina, 2000; Afshari et al., 2005). 
Melting enthalpy of the polymers can be used to calculate the percentage of 
crystallinity in the hybrid fibres by using Eq. 3.7. The percentage of crystallinity listed 
in Table 6.4 shows that PA6 crystal slightly decreased after blended with PP. For 
PP crystal, the reduction in crystal percentage can be seen correspond to the 
decreasing of the PP in the blend. Both reduction in the polymer crystal was due to 
the loss ability of the polymer to form crystal domain, which can be seen clearly in 
PP (Pedroso et al., 2002). 
The hybrid fibres were treated in boiling toluene for 3 h to remove PP component, 
rinsed and allowed to dry at room temperature. The DSC heating and cooling curves 
for as-spun treated fibres are shown in Figure 6.9 and Figure 6.10, respectively. By 
removing the PP from the fibres, the remaining fibres in the hybrid fibres were 
exposed as shown in Figure 6.2 (treated fibres). From the DSC heating and cooling 
curves, the peaks of PP was disappeared in the PP-50 and PP-60, indicate the 
complete removal of PP from the hybrid fibres. In PP-35 and PP-20, the PP peaks 
still can be observed, indicating the PP component still remained in the fibres after 
the treatment. Based on the discussion in section 6.3 (Fibre morphology), both PP-
20 and PP-35 were found to have PA6 matrix encapsulated the PP component that 
dispersed in the fibres. The presence of the PP peak in the DSC curve confirms the 
existence of PP after the treatment. The treatment does not affect much of the 
thermal properties of the treated fibres (Table 6.5). The melting enthalpy of PP was 
found decreased but PA6 increased in PP-35 compared to its untreated fibre. During 
the treatment, small amount of PP component was removed from PP-35 thus 
influenced the enthalpy of both polymers. 
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Figure 6.10 DSC curves on cooling cycle of PA6:PP hybrid fibres (as-spun and 
treated fibre). 
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Table 6.4: Results of DSC test on as-spun PA6:PP hybrid fibres (untreated). 
 
 
Fibre 
(untreated) 
Second heating Cooling Melting enthalpy Crystallinity 
Tm PP (°C) Tm PA6 (°C) Tc PP (°C) Tc PA6 (°C) Δ𝐻௉௉  (J g-1) Δ𝐻௉஺଺ (J g-1) X PP (%) X PA6 (%) 
PA6 - 221 - 188 - 58.4 - 25.4 
PP-20 160 221 120 187 14.6 44.6 34.8 24.2 
PP-35 163 221 122 187 24.2 31.4 33.0 21.0 
PP-40 163 221 118 187 31.5 33.7 37.7 24.4 
PP-50 161 221 116 188 46.5 24.9 44.4 21.6 
PP 160 - 113 - 91.7 - 49.1 - 
 
Table 6.5: Results of DSC test on as-spun PA6:PP hybrid fibres (treated). 
 
Fibre 
(treated) 
Heating Cooling Melting enthalpy Crystallinity 
Tm PP (°C) Tm PA6 (°C) Tc PP (°C) Tc PA6 (°C) Δ𝐻௉௉  (J g-1) Δ𝐻௉஺଺ (J g-1) X PP (%) X PA6 (%) 
PP-20 160 221 120 187 13.5 41.3 32.3 22.4 
PP-35 163 220 122 186 20.8 34.5 28.4 23.1 
PP-40 - 221 121 186 - 49.0 - 21.3 
PP-50 - 222 - 187 - 55.2 - 24.0 
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Figure 6.11 and Figure 6.12 illustrate the TGA and DTG curves of the as-spun 
untreated hybrid fibres, respectively. The results indicate that the degradation of 
hybrid fibres are in between of its parents fibres which happened in one step 
degradation excluding PP-35. The Tonset of the PA6 is 413 °C and it is completely 
decomposed at 455 °C as shown in Table 6.6. PP has better thermal stability than 
PA6 with Tonset at 432 °C and its degradation happens at 465 °C. PP-20 and PP-35 
hybrid fibres start to decompose at 415 °C which is almost similar with PA6.  
 
Figure 6.11 Thermal degradation of as-spun PA6:PP hybrid hybrid fibres.  
 
Figure 6.12 Derivative weight curve of as-spun PA6:PP hybrid fibres. 
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Table 6.6 Thermal degradation of as-spun PA6:PP hybrid fibres (untreated and 
treated). 
 
Fibre Untreated Treated Tonset 
(°C) 
T50 
(°C) 
Tmax 
(°C) 
Residue 
(%)  
Tonset 
(°C) 
T50 
(°C) 
Tmax 
(°C) 
Residue 
(%)  
PA6  413 445 455 2.20 - -  - 
PP-20 415 445 457 1.30 419 448 462 -3.60 
PP-35 415 434 467 -1.00 409 446 462 1.60 
PP-40 422 451 466 1.70 411 442 455 2.00 
PP-50 419 448 463 1.10 407 442 449 5.90 
PP 432 458 465 0.83 - -  - 
 
The outer surface of these hybrid fibres was dominated by PA6 showing the fibres to 
thermal degradation properties similar to PA6. PP-20 was seen completely degraded 
at 457 °C, which is slightly higher than PA6 due to the present of 20% PP in the 
fibres. PP-35 shows different degradation behaviour than other fibres with two steps 
of degradation. The morphology of the PP-35 with surrounded by PA6 as a matrix 
makes it start to degrade at 415 °C. Small shoulder peak was found at 445 °C 
(indicated by arrow in Figure 6.12) after the peak thermal decomposition temperature 
at 434 °C. The existence of PP as a ‘small matrix’ in the fibres and PA6 dispersed in 
the ‘small matrix’ delayed the degradation to 467 °C, which is slightly higher than PP 
(Figure 6.13).  
 
Figure 6.13 Illustration of PP-35 fibre morphology. 
The degradation for PP-40 and PP-50 showed higher than PA6 but much lower than 
PP. Even the outer surface of the fibres was conquered by PP, the PA6 dispersed in 
the fibres influenced the degradation starting point. On the other hand, the 
degradation of the fibres improved and degraded almost similar with PP. Such a trend 
indicated that the morphology of the fibres has major effect on fibres decomposition 
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rate. Figure 6.14 and Figure 6.15 illustrate the TGA and DTG curve of the as-spun 
treated hybrid fibres, respectively. The PA6 and PP untreated curves were attached 
as a comparison to the treated fibres curves. 
 
Figure 6.14 Thermal degradation of PA6:PP hybrid fibres (untreated and treated). 
 
Figure 6.15 Derivative weight curve of PA6:PP hybrid fibres (untreated and treated). 
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From Figure 6.14 and Figure 6.15, it is obvious that removal of PP from the fibres 
has altered the thermal decomposition of the hybrid fibres which now shifted more to 
the PA6 properties. The changes of fibre morphology consequently affect the 
degradation properties. PP-20 and PP-35 treated fibres show the starting 
degradation similar to PA6 and completely decompose almost the same with PP. In 
both hybrid fibres, PP still remained in the fibres after the treatment consequently 
showing decomposition properties similar to the parent polymers. The PP-40 and PP-
50 treated fibres which only have PA6 microfibres left in the fibres after the treatment 
exhibited the degradation similar to PA6. 
6.6 Chemical properties 
The morphology study reveals the position of the polymers in the hybrid fibres. ATR-
FTIR was then used to investigate the component of the polymers on the fibres 
surface. Figure 6.16 (as-spun untreated) reveals the existence of PP components on 
the fibre surface of structure III (PP-40 and PP-50), clearly at the C-H group (2949, 
2914 and 2837 cm-1), C-H2 (1453 cm-1) and a sharp peak of C-H3 (1375 cm-1). This 
confirms that on the structure III hybrid fibres, PP was dominant on the outer surface 
of the fibres. The weak PA6 peaks were also observed on the structure III hybrid 
fibres might be due to the location of the PA6 microfibres dispersed near to the wall 
of the fibres. ATR-FTIR infrared beam can penetrate up to 2 µm from the samples 
surface. 
In structure I, PP-20 hybrid fibres, PA6 component was dominant as a matrix and 
confirmed by the peaks of PA6 which were obviously seen at 3291 cm-1(N-H), 1633 
cm-1 (amide I) and 1538 cm-1 (amide II). For PP-35, the PA6 peaks were observed 
except a C-H group (2922 & 2864) which slightly detected on the fibre surfaces. The 
PP component was also detected on the PP-35 fibres showing the existence of the 
PP on the fibre surfaces. Morphology of the PP-35 showed the phase inversion 
between PA6 and PP, thus the existence of PP peaks were expected. 
Figure 6.16 (as-spun treated) shows the ATR FTIR peaks of the hybrid fibres after 
the treatment in toluene to remove the PP component. Obviously seen that PA6 
peaks were displayed while PP peaks were diminished on all hybrid fibres. In 
structure I, PP-20, the peak at 1455 cm-1 (C-H2) shows the same as the untreated 
indicating the existence of dispersed PP and still remained on the same location even 
after the treatment. As the PP located inside the fibres and fully covered by PA6, the 
toluene cannot penetrate the PA6 matrix and left the dispersed PP untouched and 
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Figure 6.16 FTIR spectra of PA6:PP as-spun hybrid fibres and single component 
fibres untreated and after treated in toluene. (Normalised at 1634 cm-1). 
  
 132  
 
remained in the fibres. The PP was completely vanished from PP-35, PP-40 and PP-
50, as no PP peaks were observed. 
6.7 Tensile properties 
The tenacity of as-spun fibres (untreated and treated) was shown in Figure 6.17 (as-
spun). As-spun untreated hybrid fibres has tenacity between PA6 and PP, with PP-
35 exhibits higher strength followed by PP-50, PP-40 and PP-20. The morphology of 
the fibres and the position of the PP and PA6 in the blend influenced the strength of 
the fibres. In this study, three different morphologies of the fibres were recognised as 
mentioned in section 6.3 (Fibre morphology).  
PP-20 which has lower strength in as-spun untreated fibres, consisted of PA6 as a 
matrix and PP as a dispersed phase. The PA6 has crystallisation temperature at 188 
°C, solidified earlier than PP that crystallise at ~113 °C (Figure 6.10). The PP inside, 
which hardened later, shrunk during cooling process and created gaps between PA6 
and PP interfacial surface (Ayad et al., 2016). This phenomenon contributes to the 
decreasing of the hybrid fibres strength. Despite, when PA6 was inside, it will restrict 
the movement of the PP that located outside and improved the interfacial adhesion 
between the surfaces. This can be seen in PP-40 and PP-50 hybrid fibres which has 
better tenacity than PP-20 in as-spun untreated fibres. In PP-35, the tenacity is higher 
than other hybrid fibres, this might be due to the unique morphology and different 
structure of PA6 and PP in the fibres (Pötschke and Paul, 2003; Wang et al., 2012). 
The removal of PP from the fibres affects the strength of the fibres. The tenacity of 
PP-40 and PP-50 as-spun treated reduced as there is only PA6 microfibres left after 
the PP removal. PP-35 also shows reduction in strength, it might be due to the crack 
developed on the fibres (Figure 6.2 b1 & b2). The removal of ‘small’ PP matrix (Figure 
6.13) developed cracks thus affects the ability of the fibres on the force applied. 
Meanwhile for PP-20, the PA6 was dominant on the outer surface of the fibres which 
does not affected by the treatment showing better strength than others. 
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Figure 6.17 Tenacity of as-spun and drawn PA6:PP hybrid fibres (untreated and 
treated). 
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The strength of the fibres after drawn was also investigated and shown in Figure 6.17 
(drawn). PP-40 has higher strength than others while PP-50 has high variance in 
strength. As mentioned before, the morphology of hybrid fibres with PP outside and 
PA6 inside have better interfacial adhesion between surfaces. When the fibres 
stretched, the PA6 microfibres elongated along with the PP matrix. The increasing of 
tenacity is also due to the increasing of orientation and crystallisation of the fibres 
during drawing process (Meyabadi et al., 2010). The tenacity of the drawn untreated 
fibres increased almost 230% than as-spun untreated fibres. PP-35 drawn untreated 
fibres display the lowest strength that might be affected by the cracks developed in 
the fibres. When the fibres elongated, the small PP matrix which has poor interfacial 
surface with PA6 matrix created bigger gaps and influenced the strength of the fibres.  
Drawn fibres were also treated with toluene to remove the PP component. The 
strength of PP-50 and PP-35 reduced while PP-40 and PP-20 seem unaffected by 
the treatment as shown by Figure 6.17 (drawn). The strength reduction in PP-35 was 
caused by the cracks revealed after the treatment. Huge different between PP-40 
and PP-50 can be seen after drawn fibres were treated even though both hybrid fibres 
revealed PA6 microfibres after the removal of PP. The composition of PA6 is higher 
in PP-40 thus produced larger PA6 microfibres as shown in Figure 6.6, this might 
influence the strength of the drawn treated fibres.  
The tenacity-elongation curve of the as-spun and drawn hybrid fibres are shown in 
Figure 6.18 and Figure 6.19, respectively. The starting curves of as-spun untreated 
PP-40 and PP-50 show almost the same as PP. In both fibres, PP became a matrix 
while PA6 as a microfibres showing the same starting strength behaviour with PP. 
However, two breaking points were observed in PP-40 as-spun untreated before the 
fibres snap (shown as pointed arrow). The same trend can be seen in drawn 
untreated PP-40 and PP-50. This phenomenon relates to the morphology of the 
fibres. When PP is dominant at the outside of the fibers, the applied force hit the PP 
first before continued by the PA6 microfibres located inside, thus explained how the 
two points exist. 
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Figure 6.18 Tenacity-elongation curve of as-spun PA6:PP hybrid fibres( untreated 
and treated). 
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Figure 6.19 Tenacity-elongation curve of drawn PA6:PP hybrid fibres (untreated 
and treated). 
The as-spun and drawn hybrid fibres have breaking elongation in between PA6 and 
PP fibres as shown in Figure 6.20. Structure III (PP-40 and PP-50) has lower 
breaking elongation than other structures. As discussed before, structure III has 
better physical bonding developed between PA6 and PP interfacial surfaces. The 
bonding created restricted the movement of both polymers during stretching thus 
broke earlier than other structure. Both PP-20 and PP-35 have poor adhesion 
between PA6 and PP interfacial surfaces make the PA6, the outer component, 
elongated easily without distraction from the PP inside.  
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The breaking elongation after the removal of PP shows PA6 microfibres (PP-40 and 
PP-50) has weaker elongation than PP-20 which still remained in a solid fibre form. 
The cracks developed in PP-35 also influence the breaking elongation of the fibres 
which has significant reduction compared to the untreated. The drawn hybrid fibres 
display similar breaking behaviour with as-spun fibres.  
The initial Young’s modulus of the as-spun and drawn fibres shows the hybrid fibres 
have higher stiffness than PA6 and almost similar with PP fibres excluding PP-20 as-
spun hybrid fibres as shown in Figure 6.21. PP-20 which has PA6 as outer 
component exhibits almost similar modulus with PA6 fibres. Higher stiffness can be 
seen on the treated drawn PP-40 and PP-50 fibres. 
Table 6.7 shows linear density of fibres in tex unit which equivalent to the weight (g) 
of the fibres in 1000 m length. Higher number indicates coarser fibres and lower 
number represents finer fibres. The as-spun hybrid fibres have finer fibres than PA6 
and PP except for PP-20 which has the highest fibre density. The removal of PP 
reduces the linear density of the PP-40 and PP-50 hybrid fibres. PP-35 shows no 
significant density different as most of PP component trapped in the fibres thus did 
not change the density. For drawn fibres, obviously the fibres become finer after 
stretching. The linear density of the fibres after PP removal was inconsistence 
compared to the untreated in term on PA6 content. 
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Figure 6.20 Elongation at break for as-spun and drawn PA6:PP hybrid fibres 
(untreated and treated). 
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Figure 6.21 Initial Young’s modulus of as-spun and drawn PA6:PP hybrid fibres 
(treated and untreated). 
 
 
 140  
 
 
Table 6.7 Tex of the as-spun and drawn PA6:PP fibres. 
6.8 Conclusions 
The blending of non-interacting polymer between PA6 and PP shows different fibres 
morphology regarding the blend composition of the fibres. Higher PA6 composition 
in the blend is able to produce ‘island-in-the-sea’ bicomponent with PA6 as an island 
and PP as the “sea”. The removal of PP in toluene solution reveals the development 
of PA6 microfibres as confirmed in PP-50 and PP-40 hybrid fibres. The average 
diameters of PA6 microfibres were in the range of 1.74-1.95 µm and it is further 
reduced to 0.7-1.13 µm upon drawing. PP-35 exhibits partially phase inversion 
between PA6 and PP with PA6 became a matrix and dispersed at certain area. 
Meanwhile PP-20 shows PA6 fully encapsulate the dispersed PP. Thermal properties 
shows the separation of PA6 and PP component with two melting and crystallisation 
peaks observed in DSC curve. PP peak disappeared in PP-50 and PP-40 confirmed 
the elimination of PP from the blend. The strength of the hybrid fibres was in between 
of the single component fibres.  
The ability of PP-50 and PP-40 to produce PA6 microfibres was extended into fabric 
production. However, only PP-40 was selected f fabric production due to the strength 
shown in the mechanical properties particularly in drawn hybrid fibres after treatment. 
This is to investigate the potential of producing fabrics by blending two non-interacting 
polymer into hybrid fibres via single-step melt extrusion, detailed in Chapter 7. 
 
 Tex  
Fibre Fibre (as-
spun) 
Microfibre (as-
spun)  
Fibre (drawn) Microfibre 
(drawn) 
PA6  21± 6 - 6 ± 1  
PP-20 28 ± 2 - 8 ± 2  
PP-35 12 ± 5 12 ± 4 4 ± 1 5 ± 1 
PP-40 14 ± 2 11 ± 0.2 4 ± 1 2 ± 0.4 
PP-50 13 ± 4 7 ± 0.2 3 ± 1 4 ± 2 
PP  20 ± 2 - 4 ±1  
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Properties of upcycled polyamide 6 fabrics  
7.1 Introduction 
The blending of PA6 with other polymers resulted in various fibre morphologies (see 
section 4.22, 4.31, 5.4 and 6.3). Among the secondary polymers used, TPU, PET 
and PP, the blending of PA6 and PP show the ability to produce PA6 microfibres after 
removal of PP component (Chapter 6). The high surface area of the PA6 microfibres 
can offer premium mechanical and comfort properties for yarns and subsequently the 
fabrics made from PA6:PP hybrid fibres. The blend composition of 60% PA6 and 
40% PP (PP-40) demonstrated good strength after drawing and was selected for the 
fabric production process (section 6.7). The monofilament PP-40 was melt-spun 
(section 3.2.2 for the melt spinning conditions), drawn and winding onto cone before 
being knitted on a double bed flat knitting machine. The circular plain jersey knitted 
structure was produced considering a limited amount of the monofilament from lab-
scale melt extrusion. The knitted fabric was then treated in toluene, using the same 
method for PA6:PP hybrid fibre treatment (section 3.3), rinsed and dried for further 
testing. The process of producing the fabrics and the properties of the fabrics before 
and after treatment is reported in this chapter. 
7.2 Production of PP-40 hybrid fibre 
The production of PP-40 hybrid fibres was a pre-requisite for fabric production. The 
same method was applied to produce PP-40 hybrid fibres as discussed in Chapter 6. 
The produced hybrid fibres from the melt spinning were wound onto a paper spool 
as shown in Figure 7.1 (left). The extruded PP-40 hybrid fibres were then drawn 
(Draw ratio = 2) to improve the strength of the fibres.  
PP-40 drawn fibres were processed on the flat-bed knitting machine but withdrawal 
of the fibres from spool posed challenges in terms of yarn breakages. Therefore, the 
yarns were rewound on to paper cones for further processing, see Figure 7.1 (right) 
and section 3.10 for further details. During the winding, a single ply of monofilament 
PP-40 has been prepared for the next step, knitted fabric production. 
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Figure 7.1 Paper spool (left) and cone (right). 
7.3 Production of PP-40 knitted fabric 
The wound PP-40 yarn was brought to a double bed flat knitting machine (hand 
driven) for fabric production. A circular plain jersey knitted fabric was produced as 
shown in Figure 7.2. Approximately 32 cm length and 44 cm width of fabric was 
produced. The fabric was divided into two pieces, one piece of fabric is used for 
reference (untreated) and the other piece was treated in toluene to remove PP 
component (treated), with measurement for one piece of fabric is 32 x 22 cm.  
The fabric after treatment with toluene is shown in Figure 7.3. The treated fabric’s 
measurement is approximately 25 cm in length and 18 cm wide. Almost 35% of the 
PP component was removed after the treatment in toluene, considering the mass of 
fabric before and after treatment.  
The untreated and treated fabrics were conditioned prior to testing. Several fabric 
testing were chosen to investigate the structure of the fabrics (using SEM and light 
microscope), physical properties (thickness, mass per unit area and stitch density), 
vertical wicking and tensile properties of the fabrics as described in section 3.12.  
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 Figure 7.2 PP-40 circular plain jersey knitted fabric before treatment. 
 
Figure 7.3 PP-40 circular plain jersey knitted fabric after treated with toluene.  
7.4 Fabric  
Fabric structure was viewed under light microscope and SEM as shown in Figure 7.4. 
Significant differences can be seen from the images between the PP-40 untreated 
and treated fabric. The untreated fabric, which has PP component dominant on the 
fibre surfaces gave the transparent and glossy look when viewed under light 
microscope (Figure 7.4 b). After the removal of PP, the treated fabrics was found 
remained in the original figure without significant distortion of the structure (Figure 
7.3 and Figure 7.4 a’). This shows that the PA6 microfibres that dispersed in the 
hybrid fibres produce long PA6 microfibres enough and remained as multifilament 
PA6 after the removal of PP. The PA6 microfibres made fabric appears to be white 
and opaque as shown in Figure 7.4 b’. 
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The light microscope images has a limitation to view the PA6 microfibres images due 
to the wavelength of the light thus SEM was used. Figure 7.4 c and c’ show the SEM 
images of the untreated and treated fibres, respectively. From the images, clear 
distinct between untreated and treated fibres can be seen. PA6 microfibres were 
clearly shown in Figure 7.4 c’ thus approve the development of PA6-40 microfibres 
in the fabric. 
 
Figure 7.4 The structure of PP-40 knitted fabric untreated (a, b & c) and treated (a’, 
b’ & c’) viewed under light microscope (a,b, a’ & b’) and SEM (c & c’). 
7.5 Physical properties 
The results for fabric thickness and fabric mass per unit area of the untreated and 
treated fabric are illustrated in Figure 7.5. It is clear that the fabric thickness and mass 
per unit area decreased after the removal of PP component. This could be expected 
as almost 35% of the PP component was removed from the fibres. The untreated 
fabrics have both components, PP as an outer structure and PA6 is inside the hybrid 
fibres produced round and solid fibre structure. After the removal of PP, the structure 
of the hybrid fibres turns into a significant number of PA6 microfibres, which reduced 
in term of fibre diameter (as discussed in Chapter 6 section 6.4). Even the number of 
PA6 microfibres are significant in the yarn, the movable of the microfibres make them 
flexible thus easily compressed and reduce the thickness of the fabrics. The removal 
of significant amount of PP during the treatment definitely affects the fabric mass. 
These factors contribute to the decrement in the thickness and fabric mass of the PP-
40 treated fabric.  
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The independent T-test was conducted to compare the thickness and fabric mass of 
the untreated and treated fabric. There was a significant difference in the thickness 
for untreated (M=7, SD=1) and treated (M=3.7, SD=0.57) fabric; t(4)=5.0, p=0.007. 
However, for the fabric mass, the statistical study shows statistically difference 
between untreated and treated fabrics with the p-value are slightly above the min 
number; t(4)=2.7, p=0.054. This can be due to the uneven fabric mass along the 
fabric.  
 
Figure 7.5 Mass and thickness of untreated and treated PP-40 fabric. 
The fabrics before and after treatment were also investigated including the courses, 
wales and stitch density. From the graph shown in Figure 7.6, it can be seen that the 
fabric was not significantly affected after the PP removal. The wales of the fabric 
remain the same after treatment with the average of 9 wales/in. The course of the 
fabric increase by 1 course after the treatment. This shows that the fabric slightly 
shrunk in course direction. Meanwhile, the stitch density of the fabric slightly 
increases after the treatment, due to the shrinkage of the fabric in course direction. 
However, independent T-test shows no significant difference of the fabric structure 
before and after treatment as p-value is higher than 0.05 (p-value were 0.101, 1.000, 
and 0.380 for course, wale and stitch density, respectively).  
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Figure 7.6 Courses, wales and stitch density of untreated and treated PP-40 fabric. 
7.6 Fabric Strength  
Ball burst strength test was conducted to investigate the strength of the PP-40 fabrics, 
untreated and treated. Figure 7.7 shows that the treated fabrics have higher burst 
strength compared to that of untreated fabrics (normalised to the fabric mass per unit 
area). The results are corresponded well to the results obtained by Gun (2011) and 
Srinivasanet al. (2007) where the microfibres fabrics show improvement in burst 
strength compared to the fabric made from conventional fibres. Microfibre fabrics 
consist of a bundle of microfibres that increase the fabric surface and attain the inter-
fibre friction which improve the fabric strength (Kalyanaraman, 1988; Mukhopadhyay 
and Ramakrishnan, 2008). In the ball burst strength technique, the force was applied 
from top of the fabrics and applied in all fabric directions, which after testing, left a 
hole on the fabric (Figure 7.8).  
Figure 7.9 shows a representative curves of PP-40 fabrics (untreated and treated) 
ball burst strength. The untreated fabrics were found elongated more before break. 
The treated fabric curve shows almost similar with the single fibre result shown in 
Figure 6.19.  
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Figure 7.7 Ball burst strength of the PP-40 untreated and treated fabrics. 
 
Figure 7.8 Example of PP-40 treated fabrics after ball burst strength test. 
 
 148  
 
 
Figure 7.9 The representative curve of force vs extension of PP-40 untreated and 
treated fabrics. 
7.7 Wicking properties 
Figure 7.10 displays the vertical wicking properties of the PP-40 treated fabrics, 
meanwhile no wicking behaviour was observed on the untreated fabrics. The PP-40 
untreated fabrics have PP as an outer component on the fabric surfaces. PP is 
commonly known as hydrophobic polymer which is not water-friendly. Even though 
there are PA6 inside the fibres, the PP located at the outside of the fibre blocks the 
water to penetrate through the fabric thus no wicking happened. The structure of the 
untreated fabric is also an open structure can produce big capillary gap between the 
fibres, thus having low or weak wicking properties.  
Treated fabrics have multiple PA6 microfibres which help in the wicking capabilities 
of the fabrics. The course direction showing good wicking behaviour with the highest 
distance recorded at 36 mm after 30 mins in the water. Small capillary gap between 
microfibres improved the abilities of the water transported between fibres and 
enhanced the fabric wicking rate (Srinivasan et al., 2007). 
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Figure 7.10 Vertical wicking results of PP-40 treated fabrics. 
7.8 Bending length 
Bending length of the fabrics was investigated using pear loop hanging technique. 
The bending length will represent the drapeability of the fabric, bigger number shows 
better drapeability of the fabric. Figure 7.11 shows the result obtained for the 
untreated and treated fabric bending length. The microfibre fabrics have better 
drapeability than untreated fabric due to the microfibres diameter. Microfibres have 
smaller fibre diameter than hybrid fibres result to the lower fineness and stiffness of 
the fabric (Srinivasan et al., 2007).  
 
Figure 7.11 Bending length of PP-40 fabrics. 
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7.9 Conclusions 
The PP-40 knitted fabrics were successfully produced from the PP-40 hybrid fibres 
(monofilament). After the removal of PP component, the treated fabrics remain in 
fabric forms which only contain PA6 microfibres. This brings to the conclusion that 
PA6 microfibres fabrics are possible to be produced via direct method single step 
melt extrusion, without using commercial bicomponent fibre production. The 
properties of the treated fabric also show excellent properties in the wicking 
behaviour and has lower stiffness than untreated fabrics. The treated fabric has also 
shown better strength than the untreated fabric. 
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Conclusions and Future work 
8.1 Conclusions  
This work presents the effect of blending of PA6 polymer with interacting (TPU) and 
non-interacting polymer (PP and PET) extruded into hybrid fibres via single-step melt 
spinning method. The blending of two different polymers simulated the scenario of 
recycling mixed textile waste which has difficulty to be separated into a single 
component.  
The blending of PA6 with TPUD shows development of interconnected multi-pores 
hybrid fibres (Chapter 4 Part A) in both blend compositions conducted, TPUD-20 and 
TPUD-50. Fibre diameter of the PA6:TPU hybrid fibres are in the range of 126±1.5 
to 136±3.2 µm with pore size range between 7.9±7.8 and 6.7±6.2 µm. The interaction 
between amide group of PA6 and urethane/urea group in TPU creates partial 
interaction between the polymers that was proven from the ATR-FTIR result. The 
interacting behaviour of PA6 and TPU-D affected the melting temperature of the 
hybrid fibres that melted at 204 °C compare to PA6 which melted at 221 °C. The 
increasing of the TPU-D content in the blend also decreases the thermal stability of 
the hybrid fibres. XRD result shows the existence of two peaks of TPU-D 50 hard 
segment crystallinity that improved the strength of the fibre. The strength of the 
PA6:TPU-D hybrid fibres was found lower than PA6 but better than TPU-D. The 
removal of TPUD from the hybrid fibres shows significant porous structure in the 
PA6:TPU hybrid fibres. Due to the interacting behaviour of PA6:TPU, even after TPU 
removal, the TPU-D residue can be traced left in the hybrid fibres based on the ATR-
FTIR curve and mass loss of the fibres. The PA6:TPUD blend has the potential to 
produce high functional hybrid fibres which can be applied in various textile 
applications where porous characteristic fibres needed. 
The blending of PA6 with TPUA shows development of TPUA fibrils inside PA6 matrix 
(Chapter 4 Part B). The removal of TPU-A from the hybrid fibres also shows 
significant porous morphology in the middle of fibre cross-section. The TPU-A residue 
can also be traced left in the hybrid fibres based on the ATR-FTIR curve and mass 
loss of the fibres. The percentage of PA6 crystallinity in the PA6:TPU-A hybrid fibres 
decrease after the blending with TPU-A. similar with TPU-D, PA6:TPU-A hybrid fibres 
also show decrement in the tensile strength which can be relate to the separation of 
these two polymers in the fibres. 
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The blending of PA6 with non-interacting polymer PET shows development of PA6 
fibril developed in PET matrix when PET content is 50% or more (Chapter 5). Mean 
diameters of the as-spun hybrid fibres were in a range of 103 to 128 µm. After the 
removal of PET from hybrid fibres, PA6 fibrils were obtained with fibrils diameter in 
the range of 532 nm to 1026 nm which can be classify as nanofibres size (~ 1000 nm 
and below). Thermal properties of PA6:PET hybrid fibres suggests that the polymers 
crystallise independently and do not significantly interfere with each other, thus prove 
the non-interacting behaviour of both polymers. The optimum strength of the 
PA6:PET hybrid fibres was obtained in PET-20 fibres, while PET-30 has the strength 
almost equal to PA6 fibres. The strength reduced with the reduction of PA6 
component in the fibres. 
The blending of PA6 and non-interacting PP produced PA6 microfibres in PP matrix 
when PP content is 40% or more (Chapter 6). Mean diameters of the as-spun hybrid 
fibres were in a range of 103 to 180 µm. The PA6 microfibres diameter range was 
1.74-1.95 µm and further reduced to 0.76-1.13 µm upon drawing, obtained when 50-
60% of PA6 used in the blend. Thermal properties of PA6:PP hybrid fibres show 
similar trend with PA6:PET hybrid fibres with the polymers crystallise independently 
and do not significantly interfere with each other. In TGA result, single step 
degradation was found on all fibres except PP-35 which shows two steps 
degradation. Tensile strength of the as-spun hybrid fibres are lower than PA6 but 
improved than PP. Drawn PP-40 shows improved tenacity after removal of PP 
component. PP-50 and PP-40 exhibit two breaking points in tenacity-elongation 
curve relates to the existence of microfibres in the fibres. Another highlight of PA6:PP 
blend is the PP-35 hybrid fibre where the phase inversion happen between both 
polymers thus created unique fibre morphology. The removal of PP from the hybrid 
fibres shows the PA6 microfibres remain in the fibre shape, thus further investigation 
on the potential to produce microfibres fabrics from the PA6:PP hybrid fibres were 
performed. 
Due to the superior fibre strength after drawing process, the PP-40 hybrid fibres were 
chosen to produce fabric (Chapter 7). The circular plain jersey PP-40 knitted fabrics 
were produced in a double bed flat knitting machine. The fabrics were then treated in 
toluene to remove PP component and PA6 microfibres fabrics were obtained. This 
concludes that microfibres fabrics were possible to be produced by using single-step 
melt extrusion of polymer blend which typically produced using commercial 
bicomponent fibres method that involved high technology facilities.  
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The sorting and separating of mixed textile waste during recycling process, 
particularly wastes contain thermoplastic polymers, can be omitted by blending the 
waste and extruded into hybrid fibres via twin-screw melt extrusion.  
8.2 Contributions 
The contributions or achievement of this study are as below: 
Production of PA6:TPU hybrid fibres 
The production of PA6:TPU hybrid fibres via single-step melt extrusion is considered 
as a novel approach in fibre production. The differences in term of melting 
temperature and various of the TPU types (ratio of soft and hard segment) produce 
different fibre morphology as obtained in this study. The development of multi-
connected porous hybrid fibres gives benefit in high functional application such as 
insulation, moisture transport and filtration. Additionally, the non-circular cross-
section (NCCS) obtained in the PA6:TPU hybrid fibres produce larger surface areas 
that have advantages than normal circular round shape cross-section fibres. 
Another interesting finding in this chapter is the evolution of PA6:TPU hybrid fibres 
into unique cross-section fibres after removal of PA6 component (section 4.2.3- 
Figure 4.8). The fibres with unique cross-section, again can benefit in the larger fibre 
surface area which has wide potential applications in textile industry. 
Production of PA6 microfibres and nanofibres 
The blending of PA6 with non-interacting polymers, PET and PP shows the interfacial 
separation in both blending thus produced PA6 microfibres in the PA6:PP hybrid 
fibres and nanofibres in the PA6:PET hybrid fibres. The development of microfibres 
and nanofibres using conventional melt spinning equipment gives a cheaper 
alternative to produce ‘island in the sea’ bicomponent fibres where currently using 
high technology equipment to produce microfibres or nanofibres. 
Production of microfibres fabric 
PA6 microfibre fabrics were successfully produced continuity from the excellent 
strength behaviour of the PP-40 hybrid fibres. The PP-40 hybrid fibres were 
constructed into knitted fabric and treated to remove PP component which is then 
expose the PA6 microfibres knitted fabrics. The favourable microfibre fabrics 
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production directly from hybrid fibres produced via one-step melt-extrusion is a novel 
approach which can be commercialised. 
8.3 Suggestions for future work 
There are several aspects in this study that could be further explored and expanded. 
Some of the aspects are suggested below: 
Expand varieties of polymer blending 
This study focussed on the binary blending, the blending of two different polymers 
that is PA6 as a main polymer and TPU, PET and PP as secondary polymer. The 
study can be expanded to produce hybrid fibres with TPU, PET, PP or other polymer 
as main polymer. Different types of TPU which has various soft and hard segment 
ratio can be explored more in the blending process. Moreover, ternary blending which 
is a combination of three different polymers are interesting to be explored since 
possibility to find mixed-waste contain more than two components is high in the 
recycling centre.  
Use recycled polymer as raw material 
This study used virgin polymers in order to control the experiment parameters. For 
further research on using recycled polymers can be explored and the result can be 
compared with the result obtained in this study. 
Study on unique cross-section of PA6:TPU  
The PA6:TPUD hybrid fibre, after the treatment in formic acid, produced unique fibre 
cross-section where the study can be extended to investigate the properties of the 
treated fibres. The fibres can also turn into fabrics and the fabric characteristic can 
be explored to find suitable application for the fibres.  
Use of environmentally friendly solvent 
The solvents used to remove the secondary polymer such as DMSO and toluene are 
not environmental-friendly and can be harmful to human health. Further study on 
using appropriate eco-friendly alternatives (e.g. ionic solvent) to remove the sacrificial 
polymers could be explored. 
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Properties of microfibres fabrics 
Further detailed study can include a range of microfibres fabrics with different 
structures to investigate the dimensional, physical, thermal and comfort properties of 
the fabrics. 
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Appendix B 
Thermal properties of PA6 pellets and filaments for different drying times and 
temperatures 
  PA6 Pellets  PA6 Filaments 
Drying 
time 
Drying 
temperature 
(°C) 
Melting 
temperature 
(°C) 
Melting 
enthalpy 
(J g-1) 
Crystallinity 
(%) 
Melting 
temperature 
(°C) 
Melting 
enthalpy 
(J g-1) 
Crystallinity 
(%) 
Undried 0 225 63.5 27.6 221 50.8 22.1 
3 hours 
60 221 64.5 28.0 221 63.5 27.6 
80 225 58.4 25.4 222 58.4 25.4 
100 225 50.4 21.9 221 39.2 17.0 
120 223 63.5 27.6 220 65.6 28.5 
140 221 72.3 31.4 222 61.8 26.9 
6 hours 
60 221 58.5 25.4 220 39.9 17.3 
80 223 50.2 21.8 220 57.7 25.1 
100 225 67 29.1 220 54.4 23.6 
120 224 63.5 27.6 220 50.9 22.1 
140 223 50.2 21.8 220 58.7 25.5 
24 
hours 
60 224 62.3 27.1 220 44.7 19.4 
80 224 66.3 28.8 220 59.8 26.0 
100 221 43.3 18.8 220 51.3 22.3 
120 222 63.7 27.7 220 58.5 25.4 
140 221 45.7 19.9 220 46.2 20.1 
 
 
 
